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- A'B STR A'C T 
Clay/cement slurries combine the relatively high 
colloidal properties of clays with the stabilizing and 
binding properties of cements. Stability against 
segregation and the flow properties are the critical 
features of the fresh mix. Impermeability, mechanical 
strength and durability are regarded as the criteria for 
the performance of the set material. Resistance'against 
corrosion 'and erosion are important factors determining 
the durability of the material and must be considered 
when designing a mix. 
In the present work., a commercially available sodium 
bentonite and ordinary Portland cement were used as the 
main slurry constituents. The effects of ground blast- 
furnace slag as a substitute for some of the ordinary 
Portland cement and long-term agitation are investigated. 
The mechanical strength development and the decrease in 
permeability beyond that which may be accounted for by the 
hydration of cement alone in mixes with high slag contents 
suggest a possibility of interaction between the 
cement and the bentonite. 
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CHAPTER 1. INTRODUCTION 
The use of clay with cementitious materials is 
probably as old as the history of construction. It has 
been found that in buildings more than ten centuries 
old the sinks in some carstic, calcareous foundations 
were filled with a set'slurry of marl origin. Cement- 
itious slurries made by mixing fine marl and water with 
additions of lime were used for consolidating and 
rendering impermeable, pre-placedbeds of stones and 
aggregates in masonry walls. 
A suspension of clay and lime was recorded to have 
been used in consolidation'of masonry walls by'the 
French, engincer Charles Berigny in 1802 (Bowen, 1975, 
p. 2). Portland cement was first employed for grouting 
by M. I. Brunel during construction of the first Thames 
Tunnel at Wapping in 1838 (Lea, 1970, p. 7). The 
mixtures of clay, soil and water with or without 
cementitious additions have been used in construction 
engineering, and today, the engineer has at his disposal 
a very wide range of materials for optimum solutions 
of specific problems. 
In general, the main components of cementitious 
slurries have been (1) fine mineral powder such as clay, 
(2) cementitious material, and (3) water. Fine mineral 
powders impart co 
' 
lloidal properties such as stability 
against segregation (Grim, 1962, pp. 3SO-3SI; Powers, 
1968, pp. 188-201; Cambefort, 1976), and cementitious 
materials add a degree of mechanical resistance 
1.1. CLAY-CEMENT-WATER SYSTEW I 
Clay/cement suspensions and pastes may be considered- 
as three-component systems of colloidal clay, cement- 
itious material and water with salts in it, ignoring the 
air voids, additives and aggregate (Barbedette et 
Sabarly, 1953; Jones, 1963a). Figure 1.1. shows a 
14 
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Figure 1.1. A hypothetical triangular diagram for the 
clay-cement-water system. 
In engineering practice the zone ABCD is of most 
significance. The upper border AGB is determined by the 
stability against segregation, sedimentation or bleeding. 
Bleeding is generally undesirable for it may lead to 
the formation of water pockets in the pores of the soil: 
A grout of high bleeding capacity would fail to seal or 
consolidate the formation; similar defects would occur 
in concrete (Powers, 1939). High rates of settlement of 
solids in a suspension in slurry trench excavation 
*A description of use of triangular co-oTdinates may be found 
in K6zdi, 1974. 
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may cause collapse*(Mayer, 1967). 
On the lower water content boundary C11D, the water 
required for hydration and wetting as well as the method, 
equipment and enerýy of compaction may be the deter- 
mining factors. This boundary could be defined by say 
Proctor type compaction. 
A lower border EOF may be drawn, determined by the 
permissible flow properties of the mixes. In general, the 
mixes in the zone ABFE may be considered as those which 
can flow under*their own weight or very low pressures and 
do not require any external compactive energy. Below the 
line EOF are the plastic pastes and above are the fluid 
slurries. 
The mapping of zones in Figure 1.1 is based on the 
assumption that colloidal clay, owing to its. high index 
of plasticity gives a much wider range of practicable water 
contents whereas with cement, which has a particle size in 
the range from silt to fine sand (6-200 microns), the index 
of plasticity is small and lower water contents may not be 
practicable. Of course these boundaries could be modified 
by a fourth component or other factors affecting the 
constituents and their interaction. 
1.2. SIGNIFICANCE OF THE ZONES IN CLAY/CEMENT/lVATER 
SYSTEMS AND THE COMPOSITION OF CLAY/CEMENT SLURRIES. 
On the clay side of the dry paste boundary are 
compacted clays, cement modified or cement stabilized clays 
such as are found in soil stabilization. On the cement/ 
water line are cement pastes as in concrete. 
In the plastic paste zone, the load bcaring capacity 
and degree of stabilization of clayey soils can be 
increased consiacrably by the addition of up to 10 to 20% 
cement (Highway Research Board, 1961). Minimum cement 
content recommended is 6 to 7% by volume and the clay/ 
cement ratios corresponding to the values in stabilization 
practice are around I to*1.5, though in some cases the 
cement content can be as low as 2-3%. The cement require- 
ment to attain a certain degree of stabilization ificreases 
16 
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with the specific surface area of thd clay (Highway 
Research Board, 1961, 'p. 32). The surface chemical prop- 
erties of constituents determine the properties of soil/ý 
cement mixtures. 
In the slurry zone, the effects of cement become 
noticeable at about 0.3% cement content (Hutchinson et 
al., 1975). Portland cement additions between 5-10% 
decrease the stability of a 4% bentonitic clay suspension 
and increas. e bleeding and gel strength. The rate of 
mechanical strength development is low and shear strength 
is 0.01-0.1 MPa at 28 days. Bleeding and mechanical 
strength increases with increasing cement content. At 
low clay contents, cement becomes the dominant component 
and urater: cement ratios of the stable mixes must be low. 
At concentrations of about 1-2%, clay acts as an additive 
which reduces bleed-ing of cement pastes or slurries (Esen 
and Seyhun, 1970; Brucre, 1974). Therefore, from an 
en ginecring point of view, two groups of values for 
clay: cement ratios emerge (Greenwood and Raffle, 1963), 
as outlined in the triangular diagram, Figure 1.1, and 
exemplified in Table 1.1. 
Slurries are named after the component which dominates 
their behaviour. Thus a "clay/cement slurry" would behave 
more as a clay slurry. and a "cement/clay slurry" more as 
IS a cement paste. This/a convenient nomenclature but by no 
means universal. 
Fluid mixes of the slurry zone are used for 
grouting and fluid assisted excavation and the properties 
of the fresh material are the criteria for acceptability. 
As will be discussed in some detail in Chapter 2, the 
introduction of clay/cement slurries into fluid assisted 
trench excavation is a recent development. The methods 
and equipment for testing the stabilizing fluids are for 
the most part borrowed from drilling fluid pra'ctice and 
their adequacy is-subject to discussion, especially for 
the clay/cement slurries. The experience from grouting 
practice offers very useful information on the properties 
o'f the material. However, the difference in approach due 
to difference in function and usage is usually significant 
enough to necessitate either a new pattern of inter- 
18 
pretation or a substantial modification of the tests. 
The new material can be called "clay/cement slurry 
for fluid assisted excavation and cut-off wall construct- 
ion"; it combines the colloidal properties of clay with 
the binding properties of cement for use for a specific 
purpose. 
1.3. AIM OF THE WORK AND PATTERN OF APPROACH 
In the present work, the properties of clay/cement 
slurries which have important bearing on their behaviour 
in civil engineering use is studied concentrating 
particularly on slurry trench cut-off wall applications. 
Requirements of a particular job are usually better 
defined in the minq of the engineer than the properties 
of material and equipment to be employed. Based on the 
requirements and conditions, a choice has to be made 
between the alternative feasible solutions, taking account 
of their particular. benefits or flexibility they provide 
for the instinctively-desired optimization. At the 
beginning of a project the engineer has a minumum of 
awareness or certainty but maximum of freedom for optim- 
ization, which lie gradually consumes as lie goes on making 
decisions. A great deal of freedom or manoeuvrability can 
be retained by beginning with a proper choice of materials'. 
This in turn requires an adequate knowledge of materials 
that are available. 
For a balanced and safe approach to understanding 
the behaviour and properties of bentonite/cement slurries, 
it was considered necessary to illuminate a "wide enough" 
area to provide a background and to help to see the target 
in perspective. It was with this view in mind that inform- 
ation was compiled from various fields of engineering in 
which aqueous mixtures of clays and cement or cementitious 
materials were being-used. The investigation was directed 
towards forming a foundation on which a clearer view of 
clay/cemcnt slurries could be based for the art of using 
them in Civil Engineering is still shrouded in mist and 
not widely understood. 
1 19 
In this work, the literature on clay-cement-water 
systems is reviewed. The experimental work was directed 
towards advancing the understanding of the setting 
phenomena in clay/ , cement slurries. In addition, the effects 
of prolonged agitation of the slurry and replacement of 
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CHAPTER 2. CLAY AND CLAY/CEMENT SLURRIES IN 
ENGINEERING PRACTICE. 
Although the use of slurries in construction 
engineering goes back to very early dates, the recent 
advances have been due to the extensive work done by 
petroleum engineers on drilling fluids parallel to the 
advances in colloid and surface science and technology. 
It was after 1930 that particulate cementitious slurries 
were successfully employed in grouting and the first 
fluid assisted continuous trench excavation was in the 
mid 1940s (kramer, 1946). 
2.1. WELL DRILLING 
Clay slurries were used as drilling fluids for the 
first time in 1901'.. and the first discussion on-the use of 
mud appeared in the literature in 1914 (Rogers, 1963). 
Bentonitic clays (sodium montmorillonites) were introduced 
as suspending and gelling agents for fresh water muds in 
1929 and attapulgite clay was patented in 1936 as a 
material to develop viscosity in saline waters. The first 
recommended field procedure was formulated by American 
Petroleum Institute, Division of Production in 1937. 
Inhibited muds, that is, those that are not sensitive 
to salts, were developed in the early 1940s to cope with 
the adverse ekfects of contaminants such a divalent cations 
during the drilling of shales, cement and calcareous f ormat- 
ions. The use of such muds increased after 1955 when ferro- 
chrome lignosulphonate was introduced to reduce high gel 
strength and yield values (stresses). Of the inhibited 
muds, li 
' 
me and gypsum (gyp) muds may Le of special 
interest for the study of clay/cement slurries in that they 
contain the (divalent) calcium cation as a constituent. 
Dispersing agents based on lignin particularly 
lignosulphonates which also act as protective colloids 
(materials that render a lyophobic colloid insensitive 
towards the action of-electrolytes) were employed as 
22, 
thinners and filter loss reducers first in 1961, for 
which sodium carboxymcthyl cellulose had been previously 
used (Cooke, 1963). High polymers of sulphonate base 
appear to be promising; the superplasticizers (naptha- 
lene sulphonate) used as admixtures for concrete can be 
used as mud thinners (Hart, 1975). Commercially available 
polymers are used as bentonite slurry additives to impart 
fluidity and stability. 
The properties and functions of a drilling fluid can 
be listed as follows: - 
1. Sufficient unit weight to support the walls of 
the hole. 
2. Sufficient viscosity to carry the cuttings from 
the bottom of the bore. 
3. A viscosity low enough to permit the separation 
of the cuttings by shaker screens. 
4. Capacity to deposit a thin filter cake on the 
walls of the hole. 
5. A low water or filtrate loss; low permeability 
filter cake. 
6. Thixotropy; the slurry will penetrate voids and 
subsequently gel to plaster the pores and 
fissures. 
(Hetherington, 1963; Rogers, 1963). 
This list implicitly assumes that the fluid is at a, 
certain level of colloidal stability under the site 
conditions, because an unstable slurry will'bleed and be 
unable to plaster the pores and consequently fail to 
deposit a thifi, low permeability filter cake. Therefore, 
a seventh item can be added to the list: 
7. Low bleeding oT segregation. 
The American Petroleum Institute (1957) specification 
for bentonite requires that a slurry with clay: water ratio 
of 0.06 should yield a plastic viscosity of not less than 
8cP (centi Poise), that is, the clay should'c6ntain a high 
percentage of colloidal size particles.. The Oil Companies 
Materials Association (1973), Specification No. DFCP-4 
states that yield, that is, the volume of l5cP apparent 
viscosity suspension that can be produced per tonn. c* of 
clay, should not be less than 16 M3 /tonne. Vigorous mixing 
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with high speed mixer is recommended to disperse the clay, 
and the physico-chemical properties are so controlled as 
to attain and maintain a certain mode and degree of 
reversible particle association in order that a proper 
thixotropic tendency may be obtained. Maintenance 
measures and treatments have been developed to preserve 
the required qudlities of the fluid durihg drilling 
(National Lead Industries, Baroid Division, 1965; Rogers, 
1963). 
2.2. GROUT-ING 
The use of cement grouts for scaling leaks in ' 
fissured rock has been known since mid nineteenth century. 
Joosten in about 1925 was the first to successfully seal 
the voids of a pervious layer by grouting. He injected 
sodium silicate and calcium chloride separately into the 
granular formation to set into a gel when they mix in the 
voids (Mayer, 1958; Bowen, 1975). Simonds (1958) notes 
grouting, done in an attempt to stabilise the leaning tower 
of Pisa (Italy) in-1932 as one of the most interesting 
examples of treating a deficient foundation by injection. 
A mixture of cement and sodium silicate, which gels, 
instantaneously was used as the grout material. 
Single pipe (or single mix) grouting process gained 
wide use with the introduction of grouts with controllable 
gelling times., The first practical use bf the single pipe 
grouting was the cut-off in Bon Hanifia (Algeria), which 
was carried out under the technical guidance of Professor 
Terzaghi about 1935 (Maybr, 1958). It was after mid 1930s 
that clay/cement/water suspensions were used in large scale 
grouting projects and wet milling of the cement and 
efficient high speed mixing came into practice. 
Today, grouting is an accepted technique and various 
definitions and classifications have been made (Elston, 
1958). Currently, grouting may be defined as the in-situ 
injection of a certain fluid into a natural or man-made 
porous formation to affect its engineering propertýes in 
a required direction. Suspensions, emulsions and solutions 
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are injected to improve the geotechnical characteristics 
of soils and rocks and to facilitate the filling of voids 
for structural purposes (Consulting Engineer, 1969). How- 
ever, the. usual final objective is either to decrease 
permeability or, increase the load bearing capacity, or both 
(Perrot , 1965). 
Cements with additions of fine mineral powders are 
used in groutingý of preplaced aggregate concretes (Ameri- 
can Concrete Institute Committee 304,1969). and use of 
fluidifiers and expansive cement is recommended by King 
(1970). Grouts are also used in construction of concrete 
masonry structures (American Concrete Institute Committee 
531,, 1970). 
Kravetz, (1958) discussed the properties and prepar- 
ation of clay and clay/cement grouts, and noted stability 
against segregation and settlement, controlled setting 
time, maximum volume of the settled grout, thixotropy and 
rigidity-to prevent. washing of the grout by ground water 
and to help its, stability and fluidity to facilitate 
pumping. The pore, size ofthe formation and the particle 
size distribution of the grout are considered as the main 
factors controlling the penetration. The groutability ratio, 
a concept defined as: 
Groutability ratio N, = 
d1s(15% size of the soil) '10 
D85(85% size of the grout material 
based on the filter criteria originally developed by K. 
Terzaghi, was suggested to. be not less than 25 for clay/ 
cement grouts (Johnson, 1958). King and Bush (1961) 
proposed a groutability ratio of 15 and stated that the 
criteria for groutability should be re-examined and that 
N= djo/D95>8 was found to be more reliable when N= dj's/Des 
approaches 8. Mayer (1963) states that the grain size 
curve of a suspension is not sufficient to define grouta- 
bility. The surface,, properti. es of the pores of the forma- 
tion and the grout suspension as well as the chemical 
properties, pH value and exchangeable ion content are 
important factors. Scott (1963) suggests a limit for the 





based on Torzaghi'treatment oi drainage filters. The 
rheological characteristics of grout suspension and the 
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differential pressure are other important factors 
affecting the penetration. 
Wet ground water-quenched blast furnace slag with 
specific surface of 400-600m'/kg (Blaine) can be used as 
a replacement for up to 70% of Portland cement (King and 
Bush, 1961; Consulting Engineer, 1969). Bruthans (1965) 
has shown that wet milling of cements has a considerable 
effect on'the flow and hydration characteristics of the 
cement grouts for prestressed joints. King and Bush stress 
the importance of stability (low bleeding) especially for 
cement grouts and mention the use of admixtures to solve 
the problem of segregation. Unstable mixes are known-to 
possess poor pumpability. Kennedy (1961) reviews the 
Literature on grouting with cement and concludes that: 
1. The surface texture of a fissure has a distinct 
influence on the t1iickness of the grout that can be inject- 
ed. 
2. The maximum size. of the solids in the grout deter- 
mines the minimum width of fissure that can be grouted. 
3. The use of dispcrsants such as lignosulphonates as 
fluidificrs promotes penetration and reduces bleeding. 
4. Thin cement grouts cannot be squeezed (consolidated) 
to give dense, hard filler in the cavity at moderate 
pressure. 
S. Bleeding largely prevents bonding of the grouting 
material to the upper surface of the fissure. 
6. The use of, finely ground mineral admixtures can 
reduce the bleeding of a grout and greatly improve the 
continuity and appearance of the hardened grout film. 
7. The solubility of a grout film is influenced by 
the water: ccment ratio and composition of the film and 
length of curing. Certain mineral admixtures reduce the 
amount of leaching (Karol and Swift, 1961). 
Polatty (1961), in his investigation of sand/cement 
grouts, concluded that an increase of fine material of 
minus No. 100 sieve size will permit an increase in the 
proportion of sand for pumpable mixes, and the addition of 
a finely divided mineral admixture increases the sand- 
carrying capacity of the grout. A certain minimum amount 
of colloidal particles as well as 
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proper particle size distribution and maximum particle 
size is required 
' 
for a stable, pumpable and penetrating 
grout (Ruiz and Leone, 1970). 
It can be concluded that grouts are required to have: 
1. Suitable colloidal characteristics; stability 
against sedimentation (Jones, 1963a), therefore, sufficient 
colloidal content, surface properties and suitable 
particle size distribution. 
2. Suitable rhoological characteristics: yield value, 
plastic viscosity, gel strength as required for a specific 
application, 
3. Suitable density: high density low gel strength 
grouts may be, subject to fingering (that is, the grout 
flows as discrete fingers rather than advancing in a 
uniform front) (Jones, 1963a).: 
4 Chemical resistance to the detrimental effects of 
contamination from the formation. 
5. Sufficient scaling and/or consolidating effect. 
It is considered to be impracticable to recommend 
strict specifications for grouting, because the conditions 
may change even in a single hole (Elston, 1958). However, 
test methods for field control as given in Table 2.1 have 
been suggested (Leonard and Dempsey,, 1963; Consulting 
Engineer, 1969), and a thorough investigation of the in-situ 
physical and chemical conditions relevant to the. work is 
recommended. 
27 
Table 2.1. Suggested test methods for field control 
of grouts. (Composed from Leonard and Dempsey, 
1963; Consulting Engineer, 1969 and Rogers, 
1963). 














Particle size Maintenance of quality of 
analysis clays delivered to site and 
regulation of methods for 
removing coarse material. 
Mud balance (i)Check on batching of clay 
-slurries where prehydration 
is used 
(ii)Overall check on batching 
of final grout. 
(a)Fann visco- 
meter and con- 
sistency curves 
(b)Marsh cone 
(i)Maintenance of quality of 
prepared materials delivered 
(ii)Check on properties of 
final grouts including onset 
of gelling. Rough check of 
the slurry. 
(a)Observation Check on tendency to settle 
(b)Bleeding tests or flocculate. . 
Vane Check on gelling rate and 
Fall cone strength. 
Shearometer 
pH-meter Chemical contamination cont- 
pff-paper strips rol; solubility of the 
additives. 
Calcium, Hydration of the constit- 
sulphate and uents, solubility values. 
sulphidc content. 
Hydration and solubility. 
0 
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2.3. FLUID STABILISED EXCAVATION AND THE USE OF 
BENTONITE/CEMENT SLURRIES IN DIAPHRAGM WALLS AND 
SLURRY TRENCH CUT-OFFS. 
The technique involves excavating under a suitable 
fluid which makes it possible to carry out the operation 
without strutting the walls of the excavation. The fluid 
functions in a similar way to that in drilling; prevents 
caving in and supports the walls, and is displaced by the 
permanent structure, for example concrete. Figure 2.1 
represents schematically an application of fluid stabilised 
excavation. 
J" ___________ 
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1 
Excavation of primary ponels 
under bentonite sturry 
Instaltment of the stop-end tubes 
Concretion of the primary panels 
Extraction of the, stop-end tubes 
after 6-7 days. 
Excavation of the secondaries 
Concretion of the secondaries 
Figure 2.1. Typical sequence in diaphragm walling 
with (plastic) concrete (After Caron, 1973; 
and Nash, 1974b. ) 
Clay slurries have been used as stabilising fluids 
in excavation practice since 1939 (Doughty9l975; Doneddu, 
1976). Slurry'stabilised trench excavation for cut-off 
purposes was recorded in the U. S. A. in 1946 (Kramerol946); 
a continuous cut-off wall 10.05m deep was backfilled with 
puddle made from selected local materials and placed 
continuously as the excavation progressed. Between 
1948 
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and 1951,5900m of cut-off wall 0.81m wide and 14m deep 
were constructed by this, method (Xanthakos, 1974). In 
Europe, slurry trench excavation systems were first 
patented by Lorenz*'(1953) and Veder (1954). Today, 
construction of elements 5 to 10m long reaching depths of 
more than Om is not uncommon (Vaughan et al, 1970; 
Cottrill, 1972; Nash 1974b) with the deep excavation tech- 
niques developed for the construction and repair of the 
impermeable cores of earth dams. Efficient ground water 
control for environmental and geotechnical purposes has 
also been achieved (Water and Water Engng., 1972; Prentice, 
1974; Braun, 1974a). One advantage of slurry trench cut-, 
off over grouting is the assured continuity. The possib- 
ility of continuous excavation and stabilisation provides 
for economy and safety especially in the construction of 
diaphragm walls in urban areas where the settlement of 
nearby structures poses serious problems (Braun, 1975, 
1977). However., the cost involved in the disposal of the 
spent slurry may absorb most of the profit (Braun, 1974b). 
The various requirements of the specific work have to be 
carefully studied and a choice has to be made between the 
two alternatives (Cambefort, 1976); 
A review of the literature would suggest that a 
stabilising fluid for use in slurry trench excavation is 
required to have the following properties: 
1. Stability against segregation and bleeding 
(Lorenz, 1963). Mayer (1967) noted the collapse of a trench 
following. a rapid sedimentation of the solids and collect- 
ion of water on top. However, Karlsrud (1976) reported 
that 18000 m2 of slurry trench were excavated with only 
water as slurry in clay formations. 
2. Flow properties: fluid enough to flow out from 
the soil in the grab of the excavator (low waste), thixo- 
tropic (high gel strength) enough to seal t's'-, c pores of the 
formation (Jefferis, 1972) and low enough to allow for 
the separation of the suspended particles on the shaker 
screens (high regain), if used, 
3. Density: high enough to give sufficient hydro- 
static pressure against the vertical walls and gr. o? und 
water, but low enough to minimise fluid loss or penetration 
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into the formation, 
4. Formation of a filter cake to reduce fluid loss 
and make it possible for the mud to develop its full 
hydrostatic thrust, 
S. Chemical properties: durability against the 
chemical contamination from the soil; ideally it should 
also be inert to cement contamination, 
6. Durability: to form a stable and durable gel until 
replaced with the permanent backfil material or when 
allowed to set in case of setting cementitious slurries; 
lack of gel stability or durability can lead to hydraulic 
fracture; -an important problem concerning the impermeable 
cores of earth dams (Vaughan et al., 1970; Littlet 1975). 
Methods, equipment and materials have been developed 
for specific uses in slurry trench excavation (Barbedette 
et Berra, 1961; Nash, 1974b; Peterson., 1973). Fluidifiers, 
superplasticizers (Ikuta, 1974) and colloid preservatives 
(lignosulphonates) as well as milling and high turbulence 
mixing techniques can be mentioned as the advances in 
slurry materials technology. An efficient additive is 
expected to be selective, in other words, it should be able 
to keep the contam inants in an easily separable state and 
the mud stable. and usable. Colloidal clays, especially 
bentonites have become the most commonly used slurry 
constituent. 
Specification for bentonite and bentonite slurry by 
Federation of Piling Specialists (1975) refer to Oil 
Companies Materials Association (1973) Specification No. 
DFCP-4, and to American Petroleum Institute (1957) Recom- 
mended Practice 29, and recommend routine field tests 
for slurries to be used in average soil conditions as 
given in Table 2.2. 
k 
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Table 2.2. F. P. S. recommendation (Clause 26) for 
bentonite slurries. 
Item to be Range of Results Test Method 
measured at 200C 
Density Less than 1.10g/ml Mud density 
balance 
viscosity 30-90 seconds Marsh cone method* 
Shear strength 1.4-10 N/mz Shearometer 
(10 min gel 
strength) 
pH value 9.5 - 12 pfI indicator, 
paper strips 
or agreed altern4tive 
Hutchinson et al., (1975) recommend the following 
values for bentonite slurries for use in slurry trench 
excavation: 
Bentonite concentration > 4.5% 
Unit weight > 1.034 g/cm3 
< 1.25 g/CM3 
Plastic viscosity < 20 cP (centi Poise) 
10 min. gel strength (Fann) > 50 dyn/ CM2 
< 200 dyn/cmz 
pH value < 11.7 
Sand content > 1% 
< 25% 
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Hodgson (1977). gavc a more comprehensive list of 
suggestions. Table 2.3. 
Table 2.3. Properties of bentonite slurries recommended 
for slurry trench excavation (Hodgson, 1977) 
Supplied to trench Taken from trench 
Property Method prior to concretion 
3-5% 5-8% 3-5% 5-8% 
Plastic Fann V. G. 3-10 7-20 <20 -<20 
viscosity (CP) meter 
10 min. gel 2) 
Fann V. G. 2-20 10-40 <20 <40 
strength (N/m. meter 
Density (g/cm 3) Mud 1.02-1.07 1.03-1.10 1.02-1.20 1.03-1.15 
balance 
API sand API test <5% <S% <14% <9% 
content 
(% by vol. ) 
Fluid loss 
(CM 3 in 30 min) API test 40 40 60 60 
PH PH meter <10.8 <10.8 <11.7 <11.7 
*Notes that are given in the original work have not been 
included. 
The well-known procedure in diaphragm walling with 
plain clay slurries have been to use the slurry as a 
stabilizing fluid during excavation and to replace it with 
a more durable and load bearing permanent structure or 
backfil material such as plain or reinforced concrete or 
agglomerate (La Russo, 1963) sometimes with additions of 
cement (Cerndk, 1970). 
Veder and Kienberger (1969) note that an increase of 
20% in the compressive strength of concrete poured under 
bentonite slurry was observed. In cast-in-situ reinforced 
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concrete diaphragm walling,, effect of bentonite on the 
bond between concrete'and steel reinforcement has been 
studied (Construction Industry Research and Information 
Association, 1967). 
In recent applications of prefabricated reinforced 
concrete diaphragm wall construction, clay/dement slurries 
have been used as stabilising fluids or to replace some of 
the bentonite slurry before the installation of the pre- 
fabricated element (Soldtanche, 1971; Colas des Francs, 
1975). The Cementitious-slurry filling and sealing the 
joints and the space between the wall and the soil sets into 
a hard impermeable solid of required strength. Figures 2.2a 
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Figure 2.2. Use of clay/cement slurries in prefabricated 
diaphragm wall construction. 
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Ifurtado (1972) reports another similar practice in which 
clay-cement slurry with retarding additives was used. 
Slurry composition can be designed to achieve a desired 
mechanical resistance. Figure 2.3. shows the use of clay/ 
cement slurry in the construction of composite diaphragm 
wall (Caron, 1973) where it has a load bearing function 
as the foundation. 
Braun (1973) has reported the construction of "the 
first ever. cut-off wall consisting entirely of solidified 
bentonite slurry" in which "the bentonite stabilising fluid" 
was "transformed into a construction material of adequate 
structural strength by adding to every cubic meter of 
slurry about 150kg of cement type CLK 325 and some retarder 
of tht lignosulfite type. " The mix contained about 10 per 
cent of soil particles, and "remained for practical 
purposes impermeablb and free of cracks as long as it was 
buried in the ground. " Typical procedure for such appli- 
cations is shown in Figure 2.4. 
Hetherington et al, (1975) describe a similar 
procedure employed in the Alton water reservoir scheme to 
construct the wing cut-offs about 11 m deep and 0.6 m wide. 
The stabilising fluid clay/cemenet slurry of about 125kg of 
cement per cubic metre of 4 to 5 per cent bentonite mud was 
left to set with addition of excavated soil. The average 
figure for the permeability of cut-off was 1x 10-1cm/s. 
The material was described as'having a consistency of soft 
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Figure 2.3. Use of setting clay/cement slurry in a 
composite diaphragm wall (After Caron, 1973) 
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Figure 2.4. Typical operational sequence in cut-off wall 
construction with setting clay/cement slurries 
in trench. (After Caron, 1973) 
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Figure. 2. S. Operational sequence for the construction of 
clay/cement (wing) cut-offs by slurry-tronch 
technique. (After Hetherington et al, 197S). 
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The innovation's economy is due to the re-use of all 
the bentonite/ccment stabilising fluid, thus 
dispensing with the problem of removing the used slurry. 
Little (1977) has suggested relative comparative unit costs 
of cut-off techniques as follows: 
Thin wall cut-off 1 
Self-setting slurry in trench 2 
Steel sheet piling 4 
Plastic concrete backfilled in trench -8 
Hetherington et al (1975) report that the grout 
screen technique (or thin wall cut-off) and the "self- 
hardening" grout (or "self-setting" slurry in trench) 
technique both were found to be about 30 per cent more 
expensive than the method adopted in the particular 
application they described. Conventional plastic concrete 
techniques were several times more expensive. 
New construction techniques require new materials 
alongside with methods and equipment to design and produce 
them and to control their properties for successful 
conclusions. The third chapter of this work is devoted to 
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CHAPTER THREE 
PROPERTIES OF CLAY/CEMENT SLURRIES 
AND TECHNIQUES FOR THEIR MEASUREMENT 
3.1 INTRODUCTION f 
A conspicuous characteristic of a freshly mixed 
bentonite/Portland 
cement slurry is that it gels on standing 
and becomes fluid when stirred. This gel-fluid transforma- 
tion appears reversible. This gel-sol transformation could 
be regarded as thixotropy (van Olphen., 1963, p. 137; van 
Wazer et al., 196 3, pp-77-78; Worrall and Tuliani, 1964; 
Gillott, 1968,, p. 129; Powers, 1968, p. 455). (Thixotropy is 
discussed in Section 3.1.3. ). However, as the material 
will be altered by each transformation cycle and also by 
time, the effect is probably better described as "gelling 
tendency". With time, due to hydration and stabilizing 
effect of cement, the-reversibility of gel-sol transforma 
tion fades out and the mix begins to develop some 
irreversible consistcncy'or mechanical strength. Upon 
remoulding (the-material is normally sufficiently plastic 
to be remoulded), it can be transformed into. a material of 
lower strength and can recover only some fraction of its 
undisturbed strength or consistency. The loss of strength 
on rcmoulding, that is, sensitivity (Skempton and Northey, 
1952; Crawford, 1963) and the degree of irreversibility 
increase as, the material matures. Irreversibility here is 
taken to mean the failure of a remoulded sample to regain, 
on ageing, the strength of an undisturbed sample. Thus a 
perfectly thixotropic material would show zero irreversibil- 
ity. This change in mechanical behaviour is a function of 
build-up of a structure which induces continuous but 
distinct changes in properties of the mix. 
In practice, the amount of structure or mechanical 
resistance that a cementitious slurry can develop with time 
is an important property (Sol6tanche, 1971). As 
illustrated in Figure 3.1., this physical property 
determines the methods and procedures to be followed 
during construction as well as the long-term properties 
such as permeability and durability. 
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Figure 3.1. Strength development versus time 
relation in. clay/ccment slurries. (After 
Solitanche, 1971. ) 
To measure the mechanical resistance development of 
cement pastes, some standard apparatus is generally used 
such as the Vicat Needle (British Standards Institution, 
1971, pp. 2S-26) or Gillmore Needles (American Society for 
Testing and Materials, 197Si). The riethods are based on 
the depth of penetration of standard needles into the 
paste under prescribed loads. Penetration resistance or vane 
shear strength can be taken ss the criteria where greater 
accuracy and results which lend themselves to broader 
comparative study are required. 
The vane shear strengths of staiidard cement pastes 
corresponding to the initial and final setting times as 
determined by Vicat needle test were found tc be about 
16kN /M2 and l8kN /M2 respectively (Caron, 1964). Caron 
(1973, p. 10) defined the time at which the slurry reached 
a vane shear strength of SON /M2 as the "stiffening time", 
and the time corresponding to a strength of 3.8kN /M2 as the 
"setting time". Those strciigth limits are marked in 
Table 3.1. 
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TABLE 3.1. States of'cl. a)f/ccme*nt shirYies 
Shear strength, N/m 2 10-1 1 10 102 103 104 . 105 106 107 108 
State FRESH STIFF SET OR HARDENED - 
Characteristic TIIIXOTROPIC. 
_-_4 
PLASTIC SOLID- Mechanical behaviour IFLUID I PASTE 
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Specified ranges for: 
Gel strength (10 min): 
FPS* 
1.4 10. 
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For convenience of study, slurries can be regarded as 
being in one of the following three states: - 
1. Fresh or fluid sta. te when undrained shear 
strength is less than 50N /M29 
2. Stiff or plastic state when the undrained shcari 
strength is from SON/M2 to l8kN/m2, 
3. Set slurry when the undrained shear strength 
is above l8kN/M2 . This state could be further 
subdivided by including a hardened state when 
the undrained unconfined compressive strength 
is more than lMN/m'. (In this state the material 
is usually unsuitable for testing in a conventional 
shear box or with a shear vane. ) 
It should be noted that the strength values adopted as 
criteria in the above definitions are arbitrary and cannot 
be taken as the definitions of general mechanical 
behaviour of the material. For example, there may-be in 
fact an age for any clay/cement slurry at which it, say, - 
reaches the plastic state, rather than a particular 
strength. Furthermore, not every slurry sets or hardens 
and indeed it may not be required to do so (Hurtado, 1972; 
Braun, 1973). For instance, clay/cement slurries used 
solely for cut-off purposes are usually required to remain 
plastic enough to accommodate the large deformations imposed 
by the surrounding formations without cracking, which would 
be detrimental to water retaining structures (Kennard ct al. 
1967; Vaughan et al., 1970; Prentice, 1974). ' However, the 
mechanical behaviour as regards cracking is a time and 
stress-state dependent property (Tornaghi, 1972; Caron, 1973; 
Dupeuble et Habib, 1977). A slurry which sets to give a 
fracturing/solid under low confining pressures and high 
rates of strain may exhibit plastic behaviour when the 
conditions are reversed. (See Figure 6.51b. ) 
. 
The value of 
the prescribcd states in studying cementitious materials 
probably lies in the guidance it provides for the choice of 
apparatus and experimental techniques as well as for the 
interpretatJon of results. The reason for adopting the 
changes in simple, basic mechanical characteristics is the 
ease with which they can be measured. 
44 
From an engineering point of view, the principal 
requirements for a slurry are the short-term performance 
of the fresh slurry as a stabilizing fluid and the long- 
term performance as a sufficiently impermeable, strong and 
durable cut-off material (Hurtado, 1972; Caron, 1973). 
However, there is sometimes a significant time interval 
between the two stages dictated by the rate of setting of 
the slurry and the excavation sequence. In this interval, 
the slurry may be subject to partial re-excavation 
(Figure 2.5), large deformations, or consolidation, which, 
although they will affect the long-term properties, may still 
allow a cut-off material to be produced. Although this 
interval can be included in the short-term properties if it 
takes, say, less than a day and can be regarded as "long- 
term" if longer than a, week, it may deserve separate study 
by itself'. The length of this period will be mostly 
dictated by the site and working conditions and may require 
to be specially controlled by using additives or adjusting 
the composition and the basic constituents. I 
Having divided the behaviour of slurry into a number of 
states it is now possible to consider the properties which 
are required of the material, when in each of the states. 
The properties are as follows: 
Properties of, fresh (or fluid) slurry 
Stability against segregation and bleeding 
Flow properties 
Filtration and filter cake formation 
Unit weight and stabilizing effect 
Chemical stability and inertness to surrounding 
materials 
Properties of stiff (or plastic) slurry 
Stability against settlement and consolidation 
Mechanical behaviour; shear strength 
Permeability; resistance to piping 
Resistance to corrosion and erosion 
Properties of set (or hardened) slurry 





To summarize, in this chapter, the properties of clay/ 
cement slurries will be considered from a practical rather 
than wholly theoretical point of view. The properties will 
be defined, methods for their measurement will be described 
and relevant standards and specifications will be cited. 
3.2. PROPERTIES OF FRESH CLAY/CEMENT SLURRY 
The principal properties required of a slurry from 
mixing until stiffening have been listed on . the previous 
page. The order in which they are listed reflects roughly 
the sequence in which they might be encountered in practice 
rather than their relative importance. They are all related 
to the colloid and surface chemical characteristics of the 
mix and are, therefore, closely interdependent with perhaps 
the exception of unit weight. Other properties such as 
particle size, penetration into the formation, p1l value 
also may be significant. 
3.2.1. Stability Against Segregation and Bleeding 
3.2.1.1. Stability 
Clays and cements do not give true solutions with water, 
that is, they do not dissolve in water like sugar or table 
salt. Therefore, in a mixture of clay, cement and water the- 
solid particles., being heavier than water tend to settle 
under gravity. The sedimentation is greatly affected by 
the interparticle forces. The principal forces acting are 
coulombic forces due to charges on' the solid particles, and -. van 
der Waals (gravitational type) forces which always exist 
between molecules. These are discussed further in Chapter 
Four. The surface charge of the particle is counteracted 
by a cloud of counter-ions. Therefore, an electrical 
repulsive forcc'acts to keep the particles separate. The 
particles of a stable fresh clay-cement-water mix are 
suspended in equilibrium at a certain water content under 
the combined effect of interparticle attractive and 
, repulsive 
forces and gravity. 
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3.2-1.2. Bleeding Phenomena 
In a freshly prepared clay/cement slurry the initial 
state may not be a stable one and the solids may settle to 
reduce the interparticle distances and hence the water 
content. The particles continue settling until the forces 
causing settlement are balanced by those resisting it. 
The settlement of solids and accumulation of water at 
the surface of the slurry is mainly due to gravitational 
forces and is called bleeding or sweating or weeping 
(Powers, 1939, p. 10). 
Bleeding may take place gradually by uniform seepage 
so that horizonal layers wilthin the slurry retain their 
continuity. Such bleeding is called normal bleeding. 
In some mixes, in addition to general seepage, a number 
of localized "pipes" or channels may develop from the 
interior to the surface. The velocity of the water flowin 
,g 
through these channels can be sufficiently high to transport 
solid particles to the surface and build up miniature craters 
around the mouth of each of the pipes or, channels. This 
type of bleeding is called channelled bleeding or piping. 
In a dilute and unstable suspension in which the 
interparticle forces are negligible, particles will fall 
independently in accordance with Stokes' Law. Thus, the 
coarsest particles settle fastest and the finest onýs 
slowest, resulting in segregated sedimentation. In , 
concentrated suspensions segregated settling can also occur. 
However, in some suspensions the interparticle forces may be 
such that the particles. form a coherent structure which 
resists segregation but is not sufficiently strong to resist 
sedimentation. Bleeding or sweating is an example of this 
type of sedimentation in which the solids settle practically 
without'segi-egation. Bleeding is a characteristic of 
suspensions with-strong particle interactions. Channellingor 
piping is mainly a result of the hydraulic fracture of 
sections of the material usually in more weakly bonded 
suspensions under the hydraulic gradient of pore pressure 
due to sedimentation. 
Powers (1968, p. 551) distinguished three zones in a 
"sufficiently deep semi-infinitc sample of cement suspension 
after settlement: 
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1. A zone of clear water at the top. 
2. A zone of uniform density equal to original 
density. 
3. A compressed zone in which there is a gradient 
of density, increasing towards the bottom. '' 
(See Figure 3.2. ). 
The solid free water accumulated at the top and the 
presence of a zone of uniform density equal to original 
density implies that there is no apparent segregation. The 
compression zone begins at the depth where the effective 
stress exceeds that corresponding to interparticle repulsion. 
Powers noted that "a fourth zone of maximum compression 
with uniform density, which was thought would exist, did not 
develop under the compressive forces of the magnitude 
developed from the weight of the sediment". 
16 
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Fig. 3.2. Development of sedimentation (compression) 
zones in a semi-infinite sample. (After Powers, 1968, 
p. S49) 
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3.2.1.3. Measurement of Bleeding and Bleeding-Time Curves 
Powers (1939; 1968, p. 533 ot seq. ) and Stoinour (1944; 
1945) made extensive studies of bleeding in coment/pastes 
and suspensions of fine powders. Valore et al. (1949) 
developed an apparatus for continuous measurement of 
bleeding in cement pastes. 
Test methods developed for the measurement of bleeding 
fall into two categories: 
1. Methods based on the measurement of subsidence of 
the surface; the subsidence can be measured by following 
the surface with a probe connected to a micrometer or by 
following the subsidence of a float placed on the surface 
of the slurry with a cathetometer. These two examples, 
called "probe method" and "float method" respectively, are 
shown in Figure 3.3. 





Fig. 3.3. Measurement of the subsidence of the 
surface of a settling slurry. (See Section 6.3-2.1 
for the apparatus developed in this work. ) 
2. Methods based on the direct measurement of the 
volume of water accumulating on top: i, '-' the sample is 
sufficiently stiff, the volume of water can be measured 
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simply by pouring it into a graduated cylinder. A more 
accurate method is the "float-siphon method" developed by 
Powers (1939, p. 149; 1968, p. 542) in which the bleeding 
water is siphoned out into a burette at intervals so as to 
keep a layer of water of constant thickness above the 
sampl e. The "liquid displacement method" was developed by 
Valore et al. (1949). In this method, the surface of the 
sample is flooded with a liquid of density intermediate 
between tha-t of the water and the slurry, for example, 
carbon tetrachloride (American Society for Testing and 
Materials, 1975). In practice it is found to be necessary 
to have as large a difference as possible in density between 
the liquid and water. Otherwise, water bubbles collect under 
the liquid and may fail to rise and give a reasonably 
continuous and consistent reading. This is not possible if 
the slurry, which sýts the upper limit, has a density of 
only say 1100kg /M3. 
In a bleeding test, bleeding may be represented as the 
subsidence of the surface. Figure 3.4a shows a typical 
bleeding versus time curve for a suspension that exhibits 
normal bleeding. The slope Q of the initial linear part of 
the curve is called bleeding rate. Total bleeding BT during 
the entire course of a test is called bleeding capacity. 
Channelled bleeding is characterized by an increased rate of 
bleeding after initial normal bleeding at constant rate 
(Valore et al., 1949, p. 904), as shown in Figure 3.4b, 
curve (i). Curve (ii) of Figure 3.4b represents the bleeding 
curve of a suspension in which the net force resisting 
settlement is predominantly the viscous drag of the fluid. 
Bleeding characteristics., that is, initial rate of 
bleeding, bleeding capacity and mode of bleeding (channelled 
or normal) as defined by the shape of the curve depend mainly 
on effective specific surface, particle interaction and 
chemical composition (Steinour, 1945, p. 45 et seq. ). Mixing 
method and equipment affect these characteristics since 
they control the initial degree of dispersion (Powers, 1945; 
Valore et al. 1949; Bruthans, 1963) and, therefore, rate 
of hydration and surface adsorption. Powers (1939; 1968, 
pp. 539-544) discussed in detail the effect of t, he 
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a) Normal bleeding b) i Channelled bleeding 
(followed by post- ii Bleeding uninfluenced by 
bleeding expansion). interparticle forces. 
Fig. 3.4. ''Bleeding versus time curves; bleeding 
characteristics. 
bottom compression or sedimentation zones, 
The initial linear part of the bleeding curve suggests 
a. sedimentation of porous layers of slurry uninfluenced by 
particle interpction. With time, the compressed zones build 
up. The continuous variation of the density in the bottom 
compression zone decreasing from the base to the uniform 
density zone is an indication of the effect of interparticle 
electrical repulsion and time-dependent development of 
mechanical resistance. If the rate of development of 
mechanical resistance is high, discontinuities may occur in 
the bleeding curve. A post-bleeding expansion may also be 
observed-due to expansive components of the cementitious 
constituent. 
A suspension in which the interaction between the 
layers consists solely of electrical repul, sive forc'es would 
exhibita continuous variation of. density with depth, 
si- 
increasing from top to bottom asa result of settlement. 
If the particle interaction is only due to mechanical 
contact of particles with well defined solid surface 
boundaries, settlement of a layer would virtually stop when 
it came in contact with the settled zone. The bleeding curve 
of such a suspension would be as curve (ii) in Figure 3.4b. 
The effect of gelation and setting could be roughly 
visualized by assuming that the thickness of the settling 
layers increases with time until they touch one another. 
Powers (1939, pp. 555-561) and Steinour (1944; 194S) 
developed equations for bleeding rate and bleeding 
capacity of suspensions of cement and fine powders. These 
equations, based mainly on the models of flow through 
porous layers of suspended solids, are quoted and discussed 
in Appendix II. 
3.2.1.4. The Significance and Consequences of Bleeding; 
Standards, Specifications and Recommendations 
The significance of stability against segregation in 
cementitious and non-cemcntitious slurries were noted in 
Chapter Two in connection with the performance required of 
such materials in practice. The stability of cementitious 
slurries ha's received attention especially in cases where 
the adherence and strength are of prime importance such as 
grouting in prestressed concrete and soil consolidation. 
Klein and Polivka (1958) studied the effects of 
chemical and f ine mineral po., Adc. r additives on the bleeding 
of cement grouts. They took the total bleeding at the 
end of three hours after casting as the measure of bleeding 
(Figure 3.5). Jones (1963a) summarized the results of the 
stability and the strength of bentonite/cement-slurries in a 
triangular diagram (Figure 3.6). Caron (1973) took the 
variation of density and strength with depth as the criteria 
to assess the eff ect of bleeding on a column of clay/cement 
slurry. 
Consequences of bleeding or instability of a 
cementitious slurry can be divided into two broad groups: 
1. Intrinsic consequences of bleeding; such as those 
related mainly to rate of bleeding; channelling, consolidation, 
2. Extrinsic consequences of bleeding; such as water 
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The first group includes the damage and/or improvement 
caused by the bleeding of a cementitious slurry as a binding 
and sealing matrix. In cases of high rates of bleeding, the 
flaws, (water pockefs or channels) within the slurry matrix 
and at any aggregate-slurry, interface may result in an 
unsatisfactory performance of the material. However, if the 
material settles as a whole by normal bleeding, at a 
moderate rate, and if the settlement is not hindered by 
premature bridgihg'of any aggregate, it may consolidate to 
give practically a flaw-free mass.. Premature bridging of 
aggregate particles arises when the aggregate gradation and 
volume concentration is such that there is difference of* 
settlement between the aggregate skeleton and the slurry 
(Powers, 1968, pp. 47, pp. S80-S84). 
The second group, extrinsic consequences of bleeding, 
are those which arise from the interaction of the bleeding 
slurry (or slurry/aggregate mixture) with the surroundings. 
This interaction may be said to have two components: one 
is due to the physical and chemical properties of 
surrounding formations, the other is due to the construction 
technique. For example, high rates of bleeding induced by' 
chemical contamination can cause collapse of a slurry trench 
(Mayor, 1967) and high bleeding capacity may cause failure 
to seal the voids (Jefferis, ý1972, p. 156). Settlement and 
consolidation may induce arching and formation of horizontal 
cracks and weak layers if the bleeding continues beyond the 
time when the-layers of material have developed sufficient 
strength to arch, 
An example of the consequences of bleeding due to the 
construction technique employed is water gain. Water gain 
is the dilution of the subsequent layers of material by 
the bleeding water that collects on the previous layers 
(Powers, 1968, p. 592). This may occur in deep trenches or 
when a trench is filled in layers. 
For clay/cement slurries in slurry trench cut-off 
practice, the rate of bleeding may be the most critical 
factor controlling the performance of the fresh slurry. 
Though, bleeding capacity may have significant effects on 
the long-term performance of the material. Thus, bleeding 
rate, bleeding capacity and mode of bleeding may be of 
importance especially at high water and cement contents and 
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in cases of chemical and physical contamination from the 
surroundings. (See Section 4.2.4. ). 
The specifications and recommendations for slurries in 
slurry trench cut-off are mostly concerned with non- 
cementitious clay slurries and do not refer directly to 
bleeding. The limits set for minimum colloidal content and 
the yield (American Petroleum Institute, 1957) imply that 
the slurry should be stable. (See also Chapter Two). However., 
for clay/cement slurries all having the same viscosity 
(40 seconds Marsh), the bleeding capacities varied between 
2-8%. Hence, a stability criterion based on the viscosity 
of the material is not sufficient for clay/cement slurries. 
Barbedette et al. (1953) considered permissible a 
bleeding capacity of 5%'by volume for clay/ccment grouts. 
They noted that the setting of the cement could stop bleeding 
when the cement content of the mix was greater than 8% by 
weight. Tornaghi (1972) proposed that in clay/cement 
slurries for use in slurry trench cut-offs the bleeding 
capacity should not exceed 4-5%. 
Setting the maximum bleeding capacity at any value 
greater than zero implies a possibility of high rates of 
bleeding. Therefore, a limit for bleeding capacity may not 
be a sufficient criterion for stability. Though it has 
been shown that bleeding rate increases with increasing 
bleeding capacity. Bleeding rate corresponding to a 
certain bleeding capacity may vary greatly (Fig. 3.7. ). 
Powers'(1968, p. 
_555) 
quoted 220 x 10-" cm/s bleeding rate 
as the limit above which channelling may occur in cement 
pastes. Barbedette et al. (1953) observed that clay/cement 
grouts that showed equal initial rates of bleeding also 
had approximately equal bleeding capacities. However, in 
clay/comcht slurries, due to the clay*, the effective 
specific surface content and gel strength is high and 
bleeding rate is probably too low for channeling to occur. 
Therefore, for a clay/cement slurry, a maximum limit for 
bleeding capacity is probably a sufficient stability 
The specific surface of montmorillonite computed from the 
dimensions of a clay particle based on a unit-cell formula is 
approximately 750xlO 3m2 /kg 
2 
(Van Olphen, 1963, p. 79). Specific 
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Fig. 3.7. Bleeding rate versus-bleeding capacity 
of cement pastes. (After Steinour, 1945., Fig. 11. ) 
criterion, for the corresponding bleeding rate is likely 
to. be low enough not to cause any damage. In practice this 
is an advantage as bleeding capacity can be established 
from a single reading on a column of slurry whereas more 
readings will be required to determine the bleeding rate. 
The simplest recomftiendations concerning the blee. ding 
of slurries would be those based on a test or an 
observation reflecting' the intrinsic consequences of bleeding. 
In practice, a fuller demonstration of the effects of 
bleeding may be needed and special -apparatus can be 
required. For example, Jefferis (1972, pp. 136-156) 
described an apparatus with which the vertical and 
horizontal pcrmeabilities of a slurry impregnated b. ed of 
gravel could'be measured to assess the ability of the slurry 
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to seal-the pores and the effect of bleeding. The 
diameter of the container used in bleeding test can 
markedly affect the bleeding characteristics especially 
with small diameteis. Jefferis (1972, p. 148) noted that 
there is a diameter below which the slurry would not bleed 
owing to its gel strength. The practical significance. of 
the existence of such a diameter is that a slurry that is 
able to resist settlement in a small pore and thus seal it 
may fail to seal larger pores. In other words, the effect 
of bleedinj caii be minimized by either designing a slurry 
of adequate gelling properties or adjusting the aggregate 
content and gradation to obtain a suitable pore size. Of 
course, the foregoing explanations will only apply when the 
slurry is in the voids of anaggregate skeleton that 
resists settlement. In case of low aggregate contents where 
the aggregate is dispersed in the slurry, it may enhance 
bleeding due to increased overburden (Powers, 1968, pp. 
574-580). 
The retarders of lignosulphonate type generally impair 
the stabilizing effect of clay and promote bleeding 
(Bruere, 1974; Caron, 1973). Admixtures to control the 
bleeding of cementitious slurries have been developed 
(Schupack, 1974). 
3.2.2. Filtration P roperties; Filter Loss and Filter 
Cake Formation 
3.2.2.1. The Filtration Phenomena and Filtration 
Characteristics 
When a suspension under pressure comes in contact with 
a porous medium that is permeable to its pore fluid but is 
somehow able to stop-thb flow of the solids, the pore fluid 
tends to filter into the porous medium. At the slurry/ 
porous medium interface., the pore fluid flowing into the 
porous medium may deposit a layer of higher solids content 
than the bulk of the slurry. The pore fluid lost by 
filtration into the-porous medium is called the "filter loss" 
or "filtrate loss" and the denser layer deposited at the 
interface is called the "filter cake". The amount of filter 
loss and/or thickness of the filter cake as functions of time 
can be used to define the standard filtration characteristics 
of a slurry. 
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Equations. relating filtrate volume or filter cake 
thickness to time have been developed based on theories of 
filtration (Rogers, 1963, p. 319 et seq; Coulson and 
Richardson, 1966, y. 414ff). Nash (1974a) gave an equation 
of the form 
d=k fV-t 
where the cake thickness is expressed as a function of time. 
The coefficient., k., is a function of the permeability of 
the cake, the porosities of the slurry and the cake, and the 
hydraulic head across the cake. (See Appendix III for a 
discussion of the equation. ) 
Veder'(1963), observed that "the formation of the cake 
is influenced by the state of rest of the mud in proximity 
to the walls, allowing the mud to gel, and by the important 
phenomena of clectro-osmosis and of electro-phoresis which 
lead to the rapid formation of the bentonite cake. " Nash 
(1974a) reviewed the work done on the elect. ro-chemical 
phenomena concerning the stabilising effect of the slurry 
and filter cake formation (Veder, 1961), and stated that the 
electro-chcmical phenomenon at the slurry/soil interface is 
the result of the flow of fluid through the cake under the 
differential pressure between the slurry and the ground 
water, and not the cause of it. The pore fluid filtration is 
greatly affected by the squeezing and compacting effect of - 
the pressure on the gel formed on the walls of the trench. 
Mechanisms of gellation and densification of slurry solids 
in relation to surface chemical properties have been proposed 
(Veder, 1975a). The surface chemical properties,, in this 
respect, could enhance or inhibit the condensation-of the 
slurry solids on the soil particles and thus the formation 
of the filter cake especially if the hydraulic head, is low. 
In a standard filtration test, as will be mentioned in 
the next section, the deposition of cake is probably solely 
the result of tho pressure applied. 
3.2.2.2. Measurement of Filtration Properties and, Filter 
Loss versus Time Relations, Standards and 
Recommendations 
In general slurry trench practice, filtration tests 
have been carried. out by measuring the filter loss of, 
slurries in a filter press. The standard Baroid filter press 
bb 
is widely used to test clay slurries (National Lead 
Industries, Inc., Baroid Division, 1965). Figure 3.8a 
shows the working principle of af ilter press. (See Figure 












Fig. 3.8. (a)Filter press. (b) A typical filter loss 
time relation. 
American Petroleum Institute (1957, pp. 8,9). , 
Recommended Practic 29 recommends that filter loss of a 
drilling fluid should be determined by means of a standard 
filter press and the filter loss under 100 psi (689. S kN/ml) 
pressure at the end of 30 minutes should be reported as the 
standard measure of the filtration property. Standard filter 
loss of bentonite slurry is used as a criterion to assess 
the quality of the bentonite. The Oil Companies Materials 
Association (1973) Specification No. DFCP-4 requires that, 
for bentonite to'be used in drilling fluid, "The API* 
filtrate loss of a bcntonite/distilled water slurry, 
containing 7.5g of bentonite in 100 ml of distilled water 
and aged for 24 hours, shall not exceed 15ml. " It has been 
American Petroleum Institute 
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suggested that 15-minute filter loss test can be adopted as 
a routine field check- since there is a good straight line 
fit between filter loss and the square root of time 
(Figure 3.8b). 
The pressures recommended for testing clay slurries 
that deposit filter cakes of permeabilities of the order 
of 10-11 m. s-1 (Nash and Jones, 1963), are too high to test 
a clay/cement slurry with a permeability of more than 
10-'m. s-' (Seýtion 6.5.1. ). Therefore, low cell pressures 
of about 69 kN/M2 and 75 kN/M2 (Caron, 1973, p. 20) have been 
used. Veder (1975b) also recommended a low pressure 
( -, 70 kN-m- 2) and furthermore that a larger filter press 
should be used with a soil sample in place of the filter 
paper. 
Klein and Polivka (1958) devised a "water retentivity" 
test in which they measured the time needed to extract a 
certain amount of water from a given Volume of grout. 
Typical results from their tests are shown in Figure 3.9. 
This type of filtration test can be suitable for the high 
permeability clay/cbment slurries. (See Appendix 111.2. for 
a discussion of the application of the square root time 
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Fig. 3.9. Water retentivity of cementitious grouts. 
(After Klein and Polivka, 1958. ) 
3.2.2.3. Significance of Filtration Properties and the 
Filter Cake 
The filter cake on the walls of a slurry trench forms 
a layer of low permeability which reduces the rate of filter 
loss thus preventing the consequent thickening of the slurry. 
It functions as a membrane against which the slurry exerts 
a stabilising hydrostatic thrust on the walls. of'the trench; 
an. important factor affecting the stabil ity. (See Section 
3.1.4. ) 
Lorenz (1963) considered it essential that, the 
stabilising fluid should deposit an impermeable cake on 
the walls of the trench for the stabilising hydrostatic 
pressure to act against the soil 
*. 
In case of large pore 
size soils, lost circulation materials may be added to 
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clog the pores and'promote the formation of a cake 
(Hetherington, 1963; Rogers, 1963, p. 48). However, Mobius 
and GUnther (1973) showed with model tests that a bentonite 
slurry of adequate'gel strength could stabilise formations 
on which it did not deposit any filter cake. 
It can be concluded that a slurry should be able to 
exert a stabilising pressure on a formation if it deposits 
a filter cake on it. Additionally, in a coarse grained 
formation stabilisation can be achieved if slurry penetrates 
and subsequently gels in the pores. (See the following 
Sections 3.2.3 and 3.2.4). 
3.2.3. Flow Properties 
3.2.3.1. The Flow Characteristics 
It was explained in the introduction to this Chapter, 
Section 3.1., that fresh clay/cement slurries become fluid 
when shaken or stirred and return to gel state on standing. 
Freundlich (1926, p. 615) defined this reversible gel-fluid 
transformation as thixotropy. Such fluids are generally 
classified as non-Newtonian. The shear stress has to reach 
a certain value for the flow to start. This stress is called 
the "gel strength" of the slurry. (The terms used to . 
describe the flow behaviour such as thixotropy and rheopexy. 
are defined somewhat differently in rheology, colloid science 
and general practice. The definitions of some of the 
rheological terms used in this work are given in Appendix 
IV. 1. ) 
The gel 5trength of a fresh bentonite/cement slurry 
increases with time. Figure 3.10ashows typical gel strength, 
Ir 9 versus 
time, t relations for gelling fluids. This curve 
could be idealized as a simple exponential which could be 
determined from any two sets of data. 
Thus gel strengths measured at, two given times 
(for instance, at 10 seconds and 10 minutes as are often 
chosen) could be sufficient to define the gelling 
properties of tile slurry. (See Appendix IV. 3 for thixotropic 
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a) Gel strength b) Gel brcak-down 
development. (After (thixotropic breakdown, 
Rog. ers, 1963, p. 303. ) shear decay). 
Fig. 3.10. Gel properties. 
When the gelled slurry is subjectedto shear deformation 
at a certain constant rate, the shear stress usually shows 
an overall decrease with time and may tend to an equilibrium 
value Te as shown in Figure 3.10b. The shape of the-break- 
down curve is simple'exponential for ideally thixotropic 
fluids (van Wazer et al., 1963, p. 19; Dimond and Tattersall, 
1976). A set of shear rate values with the corresponding 
shear stresses can be used to represent the flow properties 
of the material. Figure 3.11a shows a typical plot of 
shear rate versus shear stress values for a thixotropic 
Bingham fluid. The slope of the S-T curve, that'is, the 
viscosity, may be different on the initial branch and the 
equilibrium branch. 
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SHEAR RATE. s 
a) Thixotropic-Bingham 
body 
b) Bentonite/cement slurry 
Fig. 3.11. Shear rate versus shear stress curves. 
Fresh clay/cement slurries are chemically active and 
the energy put in by shearing the material in a viscosity 
test may substantially influence the trend of the flow 
behaviour. Some of the energy is usually irreversibly 
dissipated in the material, especially at high shear rates, 
and the equilibrium stress at a given shear rate is 
dependent upon the shear history. The flow behaviour will 
change also with time as the hydration of cement proceeds. 
However, in practice, a general Bingham body approximation 
is usually found satisfactory, though it may be an over- 
simplification (Jones, 1963b). 
3.2.3.2. Measurement of Flow Properties 
Measurement of flow characteristics is the measurement 
of resistance of a fluid against flow. Rheometers (or more 
simply viscometers) are used to measure the flow properties. 
In rhcometers, the slurry is subjected to deformation which. 
induces shear or flow, and the rate of deformation and the 
SHEAR RATE. s 
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corresponding load is measured. The data obtained may be 
then converted into mathematical parameters that define the 
flow properties by means of analysis based mainly on the 
geometry of the rheometer, dnd thus an equation of state 
for the material can be written. 
Rheometers may be designed either simply to give a 
comparative idea of the gel strength and/or visýcosity, or 
to measure the mathematical flow parameters with some 
precision. The first type of rheometers are easy to use 
and, therciore, are generally preferred in slurry practice. 
However, the data obtained is not easily convertible to 
basic parameters. The second type make it possible to 
obtain data that lend themselves to mathematical analysis, 
and general correlation. 
An example to the first type is the Shearometer, which 
is used to measure-the gel strength, another is the Marsh 
funnel, a simple devicb for routine measurement of 
viscosity (Figure 3.12)(American Petroleum Institute, 
1957., p. 5). The Marsh funnel test also reflects the effect 
of gel strength; it has been, uscd for this purpose but is 
not now recommended (Rogers, 1963, p. 139). Caron (1973) 
used Marsh funnel for measuring the viscosity. lie quoted 
Marsh viscosities between 34 to 60 seconds. The advantage 
of the Marsh funnel is that the flow properties of the 
slurry can be expressed by a single figure, the time of flow. 
In this respect it is similar to slump test in. concrcte 
practice. 
Rotational viscometers are widely used in mud 
technology. The material is sheared between the rotating 
parts of the instrument, and the angular speed and the 
torque are measured, these can be converted into shear rate 
and shear stress respectively. The Baroid Rheometer, a 
coaxial-cylinder viscometer, is used to measure the gel 
strength and also shear stresses at two differiant speeds 
(Figure 3.13). Stormer type viscometers and motor driven 
variable speed coaxial viscometers such as Fann V-G meter 
are also currently used in the drilling muds and 
stabilising fluids. 
In rotational viscometry on suspensions, the major 
problems are slippage at the moving surfaces and segregation 
of the solid and liquid components of the materiai. To 
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Funnel and graduated receiver 
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S-urry Sleeve love I 
Cup 
Rheometer with sleeve removed Schematic diagram 
Fig. 3.13. The Baroid Rheometer. (See Section 6.3.2.4 and Appendix IV. 5 for more detail) 
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minimise the effect of slippage, the surfaces may be 
suitably roughened so that the solid particles of the 
slurry are entrapped in the imperfections and set into 
motion (van Wazer et al, 1966, p. 94). Dimond and Tattersall 
(1976) showed that the discrepancies in the breakdown curves 
of cement pastes disappeared when a serrated coaxial- 
cylinder viscometer was used. The intrinsic behaviour of 
the material also comes into play. For example, for a 
Bingham bo4y', as noted in Appendix IV. S, the shear stress 
in a coaxial-cylinder viscometer. is inversely proportional 
to the square of. radius, hence the material in the annular 
space between the bob and the cup may not be mobilized 
completely at a given shear rate. Therefore, the 
measured torque corresponds to the average shear rate in 
the mobilized zone around the bob. Hence, the effective 
shear rate has to be calculated based on the thickness of 
the mobilized zone (Dimond and Tattersall, 1976). In other 
words., a plot of angular velocity versus torque does not 
always represent the actual form of the shear stress-shear 
rate behaviour. In*cone-and-plate viscometers., uniform 
rate of shear and hence shear stress can be achieved in 
the annular space once the material starts to flow but the 
time-dcpendent and inertial effects and slippage may still 
be present. The ratio of the radius of the cup to that of 
the bob in a coaxial-cylinder viscometer should be as close 
to unity as possible so that the suspension may be 
completely mobilized at a moderate angular velocity and 
the correction to be applied to the effective shear rate is 
not excessively complicated (van Wazer et al. 1966, p. 93). 
However, the maximum diameter of the solids sets a limit 
to the minimum value of the annular space. In slurries 
containing particles of different density to the fluid, 
centrifugal forces may cause radial segregation6 This will 
set an upper limit on the angular velocity. The use of 
large cylinder diameters to allow. greater annular space 
will raise problems due to the moment of inertia especially 
if rapid variations in shear rate are required. 
k 
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Klein and Polivka (1958) devised a flow cone 
(similar to the Marsh funnel) and a paddle consistency 
meter to measure the flow properties of cement grouts. 
Marsland and Loudon (1963) made a study of the flow 
behaviour of bentonite grouts in glass capillaries and 
sand beds. 
In a slurry trench as the excavation proceeds, 
fresh fluid slurry will permeate into the newly exposed 
formation,. probably displacing into the irregularities of 
the voids the gelling slurry that had previously penetrated 
into the formation.. In other words, during penetration, 
some part of the slurry may be permenantly immobilized 
either due to the surface properties of the pores, or 
the overall uni-directional flow which allows for the 
gelation of the slurry especially on the surfaces 
perpendicular to'týc flow direction. If the slurry has a 
high gelling rate (flat gel) the effective porosity and 
tortuosity may change considerably in the permeated zone. 
Therefore, the mean pore size, effective porosity and 
tortuosity may change with time during penetration, 
depending on gelling characteristics (Scott, 1963, pp. 58,59; 
Marsland, 1963, p. S9). The gel strength of the slurry may 
have a more pronounced effect on the yield or blow-out 
gradients, the pattern-in which the gel breaks and the flow 
starts. It can be concluded that the penetration of a slurry 
into the pores of a formation depends on: 
1. The net hydraulic head acting across the 
penetrated zone. 
2. The rheological characteristics of the slurry. 
3. The sizing and the surface characteristics of 
the voids. 
The cement content and suspended soil particles will 
effect the flow properties. LegTand (1972) in his study 
of the rheologicai behaviour of fresh mortars used a vane 
rhcometer and found that the aggregate concentration C 
and angularity influenced the flow properties. He 
concluded that for angular particles, there were two 
critical aggregate concentrations C and C such that 
ýLid 
when C. i Ci, the flow is pse, udoplastic with a, yield value; 
when C it is unstable; and when CC it is i<C< Cd' ýd 
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dilatant. For the spherical particles, lie-found that the 
difference was that when C<Ci the behaviour was 
Newtonian if the sample was vibrated during the test. 
Jones et al. (1976) used a cone-and-plate viscometer in 
their study of rheological properties of cement pastes. 
Their shear rate-shear stress data showed that there is a 
water: cement ratio at which the paste changes from 
dilatant to pseudoplastic. behaviour as the water content 
increases. 
3.2.3.3. Significance of Flow Properties, Specifications 
and Recommendations 
The flow properties of slurry determine the adequacy 
of the material for use as a stabilising fluid. As 
discussed in Section 2-3., the slurry is required to be 
fluid enough to flow out from the soil in the grab of the 
excavator, and yet to have sufficient viscosity and 
gelling properties to seal the pores of the surrounding 
formations to reduce fluid loss by penetration. Penetration 
may contribute to the stability by increasing the cohesion 
and agglomerating the soil particles, though it can also 
destabilise the trench by lubricating the particles thus 
reducing the internal friction. The flow properties, 
especially the gel strength and viscosity (or fluidity) have 
been the prominent criteria for the acceptability or the 
control of a stabilising fluid. 
Flow characteristics reflect the effect of the surface 
chemical properties which influence the other properties 
such as stability against bleeding and the filter cake 
formation (van Olphen, 1963, p. 129 et seq. ). Therefore, 
a good control on the flow properties on site can be the 
key test to a general monitoring of the condition of the 
slurry. This is similar to "workability" in concrete 
practice; the difference is that the "flow properties" 
of a setting slurry used as a stabilizing fluid have to 
be monitored for a much longer time, from batching until 
the excavation is completed and the material left to set. 
The, specifications for clay/cement slurries in trench 
excavation probably will be similar to those citedlin 
Section 2.3. 'for clay slurries. Though in time th&y may be 
modified when more site data is available from the industry 
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on clay/cement slurries. 
To preserve or regain the required flow properties of 
the clay/cement slurry, the hydration of cement may have 
to be retarded during the excavation. Set retarders, 
thinners such as ligno-sulphonates and high polymer 
fluidifiers have been used for this purpose (Braun, 1973; 
Hetherington, 1963; Ikuta, 1973; Oil Companies Materials 
Association, 1973, Specification No. DFCP-8). 
1 3.2.4. Unit Weight of the Slurry and the Stabilizing Effect 
Unit weight of the slurry depends on the densities 
of the slurry constituents, including the suspended soil 
particles and air, and the mix proportion. (See Appendix 
VII). 
The important. function of the slurry is to prevent 
caving in or collapse by exerting a hydrostatic thrust on 
the walls of the trench. For this, the slurry level should 
be kept above the ground water level and the slurry should 
have sufficient unit weight. 
The factors affecting the stability of the trench have 
been studied and theories based on soil mechanical 
considerations have offered positive explanations. Nash 
and Jones (1963) developed equations based on Coulomb 
wedge theory, ignoring the arching, which gave conservative 
results for the stability factor. Stabilising effect due 
to an electro-osmotic pressure over that from the weight 
of the slurry, first proposed by Veder (1961), was shown 
to be insignificant (Nash and Jones, 1963). Franke (1963) 
concluded that there was neither any plausible theoretical 
proof nor experimental verification of such a stabilising 
effect. Also the site data did not give any evidence of 
such an extra pressure (Dibiago and Myrvoll, 1972). 
-Horizontal and vertical arching of soil and the 
resistance oi slurry permeated zone may also contribute 
to stability, as this. phenomenon has a significant bearing 
on the stability of drilled wells and also short panels 
(Piaskowski and Kowalewski, 1965; Elson, 1968; Huder, 1972;.. 
MUller-KiTchenbauer, 1972). 1 
Elson (1968) concluded that. the "stability is due 
dominantly to the hydrostatic force of the slurry and the 
70 
shearing resistance of the slurry saturated zone, while 
the effect of the plastic resistance (Morgenstern, 1963) 
of the slurry is negligible. In a practical case it is 
probable that the hydrostatic pressure of the slurry 
accounts for 75 to 90% of the stabilising force and the 
shearing resistance of the slurry saturated zone for 25 to 
10%. It is unlikely that the plastic resistance of the 
slurry will exceed 5% of the stabilising force and may 
be much less-than this if the slurry is disturbed as 
would happen during excavation. " 
All equations of stability include the unit weight 
of the'slurry as the prime factor. Slurry density 
necessary to ensure a given theoretical stability factor 
can be computed (Morgenstern, 1963; Szechy, 1972). The unit 
weight of the slurry increases due to suspension of 
particles during excavation and can add to the stability 
(Morgenstern and Amir-Tahmasseb, 1965; Piaskowski and 
Xowalcwski, 1965). 
The specifications for unit weight of stabilising 
slurries were given in Section 2.3. (See Table 2.2. andý 
Table 2.3'. ) The slurry density is limited by the 
maximum amount of solids allowable for a workable and 
colloidally stable stabilising fluid which can be retained 
in the trench by the gel strength of the slurry in the 
slurry permeated zone or by the formation of a filter cake; 
I 
3.2.5. Chemical Stability and Inertness to Surrounding 
MateriTi-s 
- Chemical stability, as regards itý; effect on the 
important properties of the fresh slurry (such as stability 
against bleeding, filtration, etc. ) is the basic controlling 
factor. -A bentonite/cement slurry is itself chemically 
active; the hydration of cement is a continuous process 
which changes the equilibrium towards lower water 
contents and higher gel strengths if not retarded. The 
physico-chemical properties of the slurry should be chosen 
and maintained in such a way. that the slurry should not 
deteriorate due to long term agitation during excavation, 
and also should be sufficiently inert to chemical effects 
of the surrounding materials. ' Although the slurry may be 
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regarded as an inhibited mud* the contaminants from the 
surroundings, natural or a rtificial., that mix with the 
slurry in the trench may render the mud useless by 
impairing the stability against segregation or causing 
undesirable changes in flow behaviour. 
An efficient site monitoring of the chemical 
properties begins with an investigation of the environment 
in which the slurry is going to be used. The chemical 
composition of the ground water and the slurry filtrate 
can be taken as the reference ýroperties. Routine 
chemical analyses for relevant ions, mainly calcium, 
sodium, sulphate and carbonate, may be adopted where 
chemical contamination is important. However, measurement 
of the pH value of the slurry or the slurry filtrate is 
probably the minimum routine site control over the chemical 
properties of the-fresh slurry. (See Section 2.3. )., 
The pH is, define'd as the negative common logarithm 
of the hydrogen-ion activity" (approximately the 
hydrogen-ion concentration): 
pH = -log(H+)- 
The pH value of a suspension can be considered as the 
simplest test for monitoring the chemical reactions that 
are taking place (Section 4.3). 
The p1l can be measured by, means of indicators, 
basically a colorimetric method, or by electric pfl-meter 
which compares the hydrogen-ion activity of a reference 
solution with that of the solution tested (American 
Petroleum Institute, 1957, p. 11). The electromotive 
force,, which is proportional to the difference in hydrogen- 
ion activities, is displayed on a calibrated scale. Using 
the colorimetric method, the pH of'a solution may be 
estimated to about 0.1 pH units. Modern glass-electrode 
pH meters are available that cover the pH range 0 to 14 
with an accuracy approaching 0.01 of a p1l (Pauling, 1974, 
p. 487). 
However, the accuracies may be greatly reduced by 
interference from ions other than the 11 + (hydrogen ibn) 
if the required selectivity of the indicator or the motor 
is impaired. The p1l also varies with temperature and ion 
See Section 2.1. (See also Rogers, 1963, p. 443 ct seq. ) 
Pauling, 1974, p. 483. 
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concentration. These effects are also present when 
concentrations of other ions are determined by using ion- 
selective electrodes. Hence, the relation between the 
ion-activities and the potential differences measured 
for the particular ion is-often non-linear. To reduce the 
error, it is advisable that the calibration of the ... 
instruments and the actual test should be carried out 
under the same standard conditions. Also, the, pH of the 
buffered s9lutions used for calibration should be as close 
to that of the solution to be tested as possible. 
Standard methods of pH determination and chemical 
analyses have been developed for drilling muds (American 
Petroleum Institute, 1957, pp. 11-14; Rogers, 1963, pp. 148- 
155). Although these-test procedures may not be entirely 
suitable for testing clay/cement slurries on site, the 
laboratory methods'for the chemical analyses of cements 
(British Standards Institution, 1970, BS 4550) will 
probably be impracticable for this purpose. 
Sufficient chemical stability and immunity are 
essential not only 'for the short-term but also the long-term 
functional properties such as mechanical strength, 
permeability and durability. Therefore, an adequate 
monitoring of the chemical properties of the fresh slurry 
directed towards establishing the favourable initial 
conditions will be of significant value. 
3.3. PROPERTIES OF STIFF OR PLASTIC SLURRY 
It was noted in Section 3.1. that a bentonite/coment 
slurry of adquate composition left to stand after, the 
excavation has been completed stiffens to give a plastic 
mass and develops some irreversible mechanical resistance. 
The term "plastic" slurry in this context is used more in 
reference to a state rather' than a stage, and "stiff" 
slurry in reference to the stage between the loss of 
fluidity and setting. It should be noted here again that a 
slurry may stiffen but may not set or harden. 
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3.3.1. Settlemebt 'o'r' 'Co*ns'o*lida: t'ion of the Plastic Slurr 
In a bentonite/ccment slurry the structure due to the 
hydration of cement is weak especially at early ages. 
(See Section 4.3. ). The water: cement ratio is high and the 
growth and interlocking of the hydration products is 
greatly modified or hindered by the bentonite particles. 
The strength development, is slow. Although there may be 
a degree of interparticle bonding, the material can still 
undergo considerable settlement without much increase in the 
interparticle forces. In other words, this type of 
settlement may be more related to sedimentation or 
filtration than consolidation. For in consolidation, the 
particles would exhibit progressively increasing 
resistance to displacement as the void ratio decreases. 
Under a certain loa7d, the weak cementing bonds can fail and, 
as the material nominally contains only 10-15% solids by 
volume, settlement may continue without any retarding 
interparticle repulsion developing until new equilibrium 
orientations are rchched. The flow of pore fluid may 
further impair the chemical equilibrium around the linkage 
points and thus weaken the structure. At later ages and 
higher solids contents the material may exhibit greater 
resistance to consolidation (See also Section 3.4.1. ) 
Discontinuities have been observed in the 
consolidation curves of clay/cement slurries; for example 
the phenomenon which was called "collapsibility" (CaHizo, 
1975, pp. 12,13). This effect could be especially pronounced 
at early ages or at low cement contents and/orifthe 
cement is not well dispersed and the solids and cementing 
activity is low in the inter-f loccular space. (See Section 
4.3. ). This collapsible consolidation phenomenon-seems 
analogous to the \ 
channelledbleeding in fresh slurries; a 
manifestation of weak structure collapsing under load 
appearing as a discontinuous or anomalous deviation in the 
time-settlement curves (Section 3.2.1.3. ). Such a 
behaviour could be represented by a Kelvin model with a 
collapsible element in series with the Hook elastic element. 
(Cahizo, 1975, p. 13). Thus depending on the effective 
strength (of the, solid structure) and also the rate of k 
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settlement or consolidation, a plastic slurry may exhibit 
anomalous (collapsible) consolidation characteristics. 
The undesirable consequences of settlement will be 
roauced if the benionite/cement backfill behaves like. the 
surrounding soil in this respect and the differential 
settlement or consolidation is sufficiently small not to 
induce arching and cracking. Large consolidations at early 
ages may lead to higher rates of strength development and 
thus loss of plasticity. High rates of consolidation may 
induce flaws and weak surfaces in the bulk of the structure. 
3.3.2. Mechanical Behaviour of the Plastic Slurry; the 
Irreversibility Concept 
The behaviour of plastic slurry under s hear is probably 
more significant than its behaviour under compression. The 
shear strength of''the stiff slurry is between 5ON M-2 and 
18 kN. 'm -2 (Table 3.1. ). The order of magnitude can be 
visualised if we think that a plastic material with a shear 
strength of above 20 kN M-2 can be trodden on without much 
sinking. 
The material at this state is highly sensitive and 
easy to remould or excavate due to high rate of work- 
softening under shear (Section 6.4.3). It can be seen from 
Figure 3.1. that, in practice, the minimum strength 
suitable for re-excavation is about 20kN. m-'. 
Remoulding at this stage causes irrecoverable 
reduction in the long-term mechanical strength when 
compared with the undisturbed material. This reduction 
is mostly due to the irreversible breakdown of the 
structure formed by the hydration of cement. If the final 
strength of undisturbed material is Ru and that of the 
remoulded material is R*, the reversibility Re can be. r 
defined as: R 
Re -E x 100 % it 
U 
and is a measure of the effect of remoulding. Thus, 
complete recovery will mean 100% reversibility and Rr le, 0 
will mean zero reversibility. Irreversibility, as used 
in the introduction to this chapter, is the inverse of Re. 
The difference between irreversibility and sensitivity 
(Skempton and Northey, 1953) is that irreversibility refers 
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to the final strengths at a later age, and sensitivity 
refers to the strengths at the time of remouiding. 
The amount of remoulding work and the age at which 
the remoulding took place affects the reversibility. 
Vigorous remoulding may expose unhydrated cement and 
increase the cementing activity and give Re > 100%, or 
irreversibility smaller than 1. 
The shear strength of the plasti6 slurry can be 
measured by shear box test, cone penetration or vane shear 
test. Heleneland (1965) devised vanes of vaijous shapes 
and developed equipment and methods for consolidated 
drained in-situ measurement of vane shear strength. 
Aas (1965) made a study of the effect of vane shape and rate 
of strain on the measured vane shear strength and concluded 
that the shear strength decreased with the rate of strain. 
Long vanes with height to diameter ratio of more than 3 
probably induced progressive failure. Perlow and Richards 
(1977) studied the influence of shear velocity on vane 
shear strength and proposed a peripheral shear velocity of 
0.15 mm. s-'. Fall cones have been developed for the 
measurement of undrained shear strengths of soil samples 
(11ansbo, 1957). Field cone penetration devices are also 
widely used. Both methods, vane shear and penetration 
basically assume that the material or the soil is , 
homogeneous, and this means that the surface or volume 
tested is sufficiently large when compared with the 
heterogeneities, namely solid particles and voids. 
Anisotropy may be of significance in field testing where 
there is settlement, consolidation and filtration. Another 
important point to be noted is that the theory used in the 
calibration of the instruments is based on a certain mode 
of failure. 
if 
the stress-strain curve of the material is 
taken as the basis, it is obvious that two -materials which 
have the s'ame peak stress value but different curve shapes, 
can give differentyane or penetration strengths. 
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3.3.. "). 'Perin-, ability and R(, 'sist', inc*c to Piping, Corrosion 
anTE-rosion 
The permeability of cementitious slurries generally 
shows a decrease as the mechanical resistance increases 
probably because both are functions of the amount of 
structure. 
Permeability of a fresh bentonite/Portland blast 
furnace slag cement slurry with a nominal porosity of 
about 93% is about 10-5 _ 10-7 M. S-1 (Section 6.4 . 2.2 and 
Appendix 11.3), compared with 10-11 m. s-1 of a bentonite 
cake of 88% porosity (Nash, 1974a). With time, the 
permeability of the bentonite/cement slurry can decrease 
to ultimate values of the order of 10-' - 10-11 m. s-'. * 
Slurries with high permeabilities are vulnerable to 
leaching and loss of soluble cementitious components through 
diffusion. Especially under high hydraulic gradients and 
with corrosive waters, the permeability of the material 
determines whether it will retain its cementing potential 
and fulfil the required function. The lower permeability 
of filter cake can contribute to resistance to leaching and 
diffusion and also piping in cases of high hydraulic 
gradients. 
Resistance to corrosion and erosion is closely 
related to the mechanical strength, -permeability and also 
to the chemical composition of the cementing material and 
the ground water. Erosion is probably the tangible. 
consequence of low mechanical resistance and high hydraulic 
gradients at early ages (Karol and Swift, 1961). It may be 
caused also at later ages by chemical corrosion and leaching 
by aggressive waters. 
3.4. PROPERTIES OF THE SET AND HARDENED SLURRY 
The shear strength of set slurry is above 18 kN. m_ 2 
For setting clay/cerrent slurries for use as cut-off wall 
material probably a-limit for maximum stiffness or 
"brittleness" rather than mechanical strength should be set 
since the material is required to accommodate large 
These initial and final pcrmeabilýty values are of the same order 
as those of cement-pastes with water: ccment ratio of 0.5 (Powers 
ot al. 1954). 
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deformations without cracking. However, the mechanical 
strength also should be sufficiently high to withstand 
piping, erosion, and settlement in excess of that imposed 
by the surrounding formationsý 
3.4.1. Consolidation and Cre22 
In general, the deformation under sustained loads of 
particulate media is called consolidation and that of 
continuous media is called creep. Consolidation involves 
an expulsi; n of the pore fluid and rearrangement of 
particles with a smaller void ratio. Consolidation is 
always associated with compression and a reduction in the 
volume of the particulate medium, while a material may 
undergo tensile as well as compressive creep. On the 
microscopic scale the difference between the two phenomena 
is only conceptual. and probably due to'the difference in 
the rigidity of the bonds between the elements forming the 
two different media. 
For example, in bentonite/water mixtures which do not 
contain cementitious constituents, any effective stress is 
probably carried by the interparticle electrostatic and van 
der Waals type forces and the particle interaction is 
mainly compression and shear. The particles are free to 
progressively reoricntate themselves to more stable 
equilibrium configurations. 
In clay/cement slurries, however, depending on the 
cementing activity of the cementitious component, the clay 
particles are interlocked-or bound by the hydration products 
to some extent. The structure is reinforced and the 
elements forming the structure may withstand tensile loads 
or take uniaxial loads. Figure 3.14 shows an idealised, two 
dimensional model of such a structural unit. (See also 





Fig. 3.14. Plane, model for a structural unit in a 
setting cementitious clay slurry. 
I 
Under sustained load, the material composed of such 
units can be said to be undergoing consolidation on the 
macroscopic scale, while the elements forming the 
structure may be undergoing creep and rupture. A lateral 
restraint may reduce the possibility of failure due to 
tension, but the slender elements are labile also under 
compression. In this respect, the set clay/cemcnt slurry 
is a super-gel. 
To conclude, it can be said that the settlement of set 
or hardened slurry will change from the conventional 
consolidation to creep with increasing effective strength 
of the material as the hydration proceeds. 
In laboratory, usually one dimensional consolidation 
properties are measure4 by means of an oedometer test. 
The initial load that can be applied without displacing 
the slurry-is determined by its mechanical strength. At 
later ages, due to the hydration and bonding of cement, the 
material may adhere to the ring and this may lead to 
erroneous. results. I 
There is not much data available on the consolidation 
or creep of setting clay/cement slurries. Collapsible 
consolidation behaviour as described in Section 3.3.1 has 
been observed with a slurry of 600 kN. m_1 compress ive 
strength (11urtado, 1972). 
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3.4.2. Mechanical Properties 
The mechanical behavi, our under compression of setting 
clay/cement slurries has received more attention than its 
behaviour under shear. This is probably partly due to the 
experimental difficulty or the unsuitability of the 
conventional methods employed in testing the material for 
shear or tension. 
Tornaghi (1972) made a study of stress-strain 
behaviour of setting clay/cement slurries (Figure 3.15. ). 
He concluded that, under simple compression, Es /R s changed 
from 150 to 120 as the compressive strength increased 
to 1.4 MN -M-2 , and under confined compression 
(02 ý G3 *2 50-200 kN M-2, undrained), the ratio Et /R t 
changed from 50 to 25 as the peak deviator stress reached 
1.6 MN M-2 ;a decrease in the modulus of elasticity in 
triaxial tests approaching 3 to 5 times as compared with 
the uniaxial modulus of elasticity. The ration Et /Rt. 9 
which represents the lack of plasticity, increased from 
about 2 for a deviator strength of 0.2 MN M-2 to 7 or 8 
for a deviator strength of 1 MN M-2 . The definitions of 
the parameters are. given in Figure 3.15. In simpler terms, 
his results indicated a decrease in the modulus of 
elasticity under confined conditions, though the peak 
stresses remained practically unchanged. In the post-peak 
region, the residual strength or the degree of plasticity 
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Fig. 3.15. Interpretation of test results on 
mechanical behaviour of setting clay/cement slurries. 
(After Tornaghi, 1972. ) 
The shape of the sýtress-strain curves can be '' 
simplified into straight lines as shown in Fi'ure 3 . 16. 9 
Caron (1973 p. 25) noted that under triaxial compression, 
setting clay/cement slurries with additions of chalk gave 
curves which could be represented by OAH in Figure 3.16. 
He concluded that under confining pressures of about 
lOOkN M-2 a set clay/cement slurry with a cement: watcr ratio 
of 0.1S to 0.30 could withstand large strains of the order 
of 5 to 30% before peak stress is reached. He also noted 
that the elastic deformations did not exceed a few per cent, 
and that E/R varied between 400 to 500 for strengths between 
0.5 to 10 MN M-2. 
Colas des Francs (1975) summariscd his test results 
on 'setting clay/cement slurries in a triangular diagram 




Fig. 3.16. Idealised stress-strain curves 
term Cup to 24 hours) agitation and concluded that it 
reduced the 7-day and 28-day strengths considerably if 
continued beyond 4 hours*. Dupeuble and Habib (1977) 
studied the effect of rate of strain on the undrained 
triaxial strength and found that under a confining pressure 
t of 100 kPa, the sample tested at 0.00066 mm. min-' gave a 
peak stress of 1800 kPa at 15.2% axial strain, and the 
sample tested at 0.081 mm. min-1 yielded 590 kPa peak 
stress at 1.2% strain. " Their results showed that 
addition of sand increased the strain capacity (or strain 
at maximum stress) of slurries, though the linear initial 
parts of the curves remained within 0.2-0.4% strain for 
slurries and around 1% for mortars. 
Additions of aggregate, may enhance the crack initiation 
due to stress concentration and thus cause a reduction in 
bentonite: cement: water -- 50: 200: 1000 by weight. 
Composition of the mix, clay: bentonitc: cement: water 
= 96: 27: 340: 850 




Figure. 3.17. Mechanical properties of bentonite/ 
cement (blastfurnace cement) mixtures. 
(After Colas des Francs, 1975). 
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modulus of elasticity. At higher st-rains aggregate 
particles act to stop crack or failure propagation. This 
restraining effect results in an increase in strain at 
peak stress. 
No published comprehensive data is available on the 
shear and tensile strength of setting clay/ceinent slurries. 
It can be assumed that they will be between 30-50% of the 
compressive strength (Tornaghi, 1972). 
In mechanical testing of setting slurries, usually 
soil testing machines and proving rings are used for 
loading, and the test is carried out at a certain machine 
speed. However, the rate of deformation of the sample 
will not be equal to the machine speed and is equal to the 
set speed only when the load-displacement curve is ' 
horizontal. Constant rate of deformation can be maintained 
throughout the test if the stiffness of the testing machine 
is very much greater than that of the specimen. (See Lee et 
pl., 1973. ), Tlie stiffness of the testing machine has 
considerable effect especially on the post-peak stress- 
strain behaviour (Jaeger and Cook, 1969, pp. 167-171). 
In cut-off material design, the post-peak behaviour of 
setting clay/cemcht slurries, that is, the residual 
strength, modulus of elasticity and damage at a given 
strain may be of practical significance. Indeed, the 
material is designed to work under large strains rather 
than loads (Caron, 1973, p. 25). 
#A 
typical specification for a cut-off material would 
call for a 28 day compressive strength of about 150 kN. m_1 
with a strain at failure of at least 5% (Jefferis, 1976). 
Caron (1973), recommended a compressive strength of 200 kPa 
for the material to have sufficient resistance against 
erosion. 
3.4.3. 'PermeabilitZ, Resistance to Corrosion and Erosion, 
and Durability 
It was explained in Section 3.3.3. that generally the 
permeability decreased as the mechanical strength increased. 
Thus a compromise between these two may be necessary if a 
durable, crack-free structure is to b, e obtained. 
In his design considerat. ion, 'Tornaghi (1972)-assumed 
a wall thickness"of 0.60m and a hydraulic head of 5 to 20m. 
09+ 
(This implies a maximum hydraulic gradient of just above 
33. ) Caron (1973, p. 29) quoted a permeability of 10-8m. s-I 
for set clay/cement slurries. His work showed that slurries 
that preserved their impermeability remarkably well even 
under prolonged permeability tests with chemically 
aggressive waters could be designed. Permeabilities as low 
as 10-9 m. s-I were measured on in-situ set material 
(Hetherington et.. al., -1975; Little, 1975). 
Carl 
* 
and Strohl (1976) concluded that the clay/cement 
slurries they studied remained impermeable and stable as 
long as the hydraulic gradient remained below, 30 and the 
mechanical strength was above 350 kPa. D6scher (1977) 
recorded permeabilities between 1.10-8 and 3.10-11 m. s-1 
on pure clay/cement slurries of 295 to 141% water content, 
consolidated under pressures between 0 and 6 kN. m_I applied 
immediately after the slurry had been poured into the 
permeameter cylinders, lie concluded that the material 
would remain stable under hydraulic gradients of about 200, 
though the laboratory test results showed an increase in 
permeability at a gradient of 130. 
Caron (1972) has studied the effect of distilled, 
acidic (pH 4) and selenitic (or sulphated) waters on the 
permeability of clay/cement slurries and concluded that 
colloidal bentonite/cement slurries rich in cement showed 
greater stability against leaching. The cement requirement 
would probably depend on the specific surface of the clay 
used (Diamond and Kinter, 1958). An earlier work 
(Cambefort et Caron, 1957) showed that certain silicate 
compositions had more resistant structures to leaching 
and indeed it could even reduce the permeability. 
The deterioration of soil-cement compositions used in 
hydraulic structures is usually associated with leaching 
of hydration products by seepage, particularly lime 
(Ca(OH)2)(Nash et al., 1965). Sulphates are known to have 
detrimental effect on cement-stabilised clays (Sherwood, 
1958); the effect was more pronounced when sulphate-free 
clay/cement was immersed in aqueous sulphate solutions 
containing as little as 0.2% of sulphate (as SO 3); the 
reduction in strength was more than 50%. Sulphate 
resistant cement gave significantly higher strengths after 
8s 
immersion in water than did ordinary Portland cement. 
The resistance of clay/cement slurries to freeze-thaw 
cycles may also be important if they are used in surface 
structures. It should also be noted that the material 
has. to remain saturated and should be protected against 
drying to remain crack-free, impermeable and durable. 
3.5.. CONCLUSION 
PropeTties of fresh slurry, mainly flow properties 
and stability against segregation, are controlled by the 
colloidal clay content. The long-term properties such as 
mechanical strength and durability are governed by the 
hydraulic binder or the cement. Water is the bulk 
component in thatitmay constitute up to 80-90% of the 
material. The porous microstructure is sensitive to 
variations in water content. The properties of slurry 
constituents will be discussed in Chapter 4. Clay/cement 
slurries are required to combine the short-term colloidal 
stability of clays. with the long-term chemical stability, 
or more simply, mechanical strength of cements. The 
properties of clay/cement slurries depend on the properties 
of the constituents as well as their mix proportions, 
and some knowledge of individual constituents is needed in 
designing slurries for specific purposes. 
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PROPERTIES OF SLURRY CONSTITUENTS 
Although the properties of a clay/cement slurry do 
not necessarily follow the properties of its constituents. 
However, in general they can be explained in terms of the 
dominant characteristics of the water, clay and cement. 
1. WATER 
One'qf the most striking properties of water is its 
ability to dissolve many substances. It is composed of 
hydrogen and oxygen, and pure water has a pH of 7. Atmos- 
pheric carbon dioxide readily dissolves in water and 
other impurities are usually present depending on the 
environment. The weathering of rocks, formation of clays, 
hydration and setting of binders involve the action of 
water to various degrees. 
The ability of water to dissolve, the polarity of 
the water molecule and its ability to form hydrogen bonds 
play important parts in the formation of colloidal suspen- 
sions and also the leaching of materials used in hydraulic 
structures. Another property of water is that its volume 
increases on. freczing. - This has a significant effect on 
freeze-thaw resistance of materials containing wate'r. 
When an unhydrated salt (such as crystalline MgS04) 
is dissolved in water the total volume of the solution is 
often found to be smaller than the sum of the two con- 
stituents. This is attributed to a reorganisation of the 
water molecules, to form a more closely packed structure 
in the neighbourhood of the ions than in bulk fluid as a 
response, to the attraction of the ions for the water 
molecules. This. dccrease in voiume is called clectro- 
striction (Pauling, 1970, p. 472). Although the solid 
volume of a hydrated compound may increase, the volume 
in solu . tion is usually smaller than the sum of the parts, 
The lower specific volume of cement in water than that in 
paraffin is probably due to this phenomenon of'electro- 
striction. 
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Detailed information on the properties of water can 
be found in the relevant literature. (See, for, example, 
Eisenberg and Kauzman, 1969. The Structure. and Properties 
of Water. Oxford: 'ýlarendon Press. ) 
4.2. CLAY MINERALS 
In engineering, the term clay is, used in reference 
to soil with a-high content of colloidal size particles 
(smaller than 1 micron). The upper limit of grain size for 
mineral particles in the clay-size range is taken as 2 
microns. Clay is usually found with mixtures of sand and 
/6 silt. Classification c 
lays 
from various points of view 
have been made (Gillott, 1968, pp. 1-13; Grim, 1968, pp. 
31-34). Mineralogical classifications are based on the 
f degree/ocrystallinity and the crystal structure which in 
turn affects the engineering properties such as Atterberg 
limits., swelling and sensitivity. The nomenclature may 
reflect the location where the clay mineral was first 
identified, an identifying property or the name of the 
parent rock from which it originates. 
I 
4.2.1. Formation of Clay Minerals 
Clay minerals are products of disintegration of rocks 
by physical and chemical processes. 
Physical. processes may involve frost action, thermal 
expansion and contraction, erosion (for instance glacial), 
and organic activity. Physical disintegration increases 
the specific surface aýd leads to an increase in rate of 
chemical reaction. Chemical processes may take place under 
normal conditions or hydrothermal conditions, which 
involve temperatures above 1000C and pressures in excess 
of 1 atm. 
Transformation of rocks into clay minerals may occur 
by through-solution reactions or by solid state reactions. 
The main reactions may be carbonation, hydroxylatiqii, 
oxidation, r6duction and free radical interaction. ' 
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The crystal structure of the parent material affects 
the crystal structure of the clay minerals by epitactic 
or topotactic control (Gillott, 1968, p. 36). The minerals 
are continuously transformed into more stable materials 
under the prevailing conditions. For instance, alkaline 
conditions are generally favourable for montmorN4onite 
formation. Acid conditions have been shown to favour the 
formation of kaolinite (Gillott, 1968, p. 39; Grim, 1968, 
p. 482). The chemical composition of the parent material 
is also important if the constituents are not removed by 
leaching, or new constituents are not added. The minerals 
thus formed may be transported by water (or air in some 
cases) and deposited as sedimentary formations. 
4.2.2. Classification of Clay Minerals, their Structure 
and Composition. 
In engineering, the shape of the clay minerals and 
expandable or nonexpandable. character of the crystal 
layers are probably the natural criteria for a classi- 
fication. The composition of the aqueous media greatly 
affects the swelling behaviour of a clay mineral, and 
classifications based on the structure of crystal layer 
and layer charge have been proposed. A classification of 
clay minerals is given in Table 4.1. 
For practical purposes, clay minerals can be thought 
of as silicate aluminate hydrates formed by packing of 
silicon, aluminium, magnesium and iron atoms between layers 
of oxygen atoms or hydroxyl groups and exchangeable ions. 
Twoýstructural units ar-e involved in the atomic lattice. s 
of the clay minerals. One unit consists of two sheets of 
closely packed oxygens or hydroxyls, in which aluminium 
iron, or magnesium atoms are embedded in octahedral co- 
ordination, so that they are equidistant from six oxygens 
or'hydroxyls. The second unit is built of silica tetra- 
hedra with four oxygens or hydroxylS equidistant from the 
silicon atom. In clay minerals, the geometric symmetry 
f 
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II. Crystalline- , 
A. Two-layer type (sheet structures composed of units 
of one layer of silica tetrahedrons and one layer 





B. Three-layer types (sheet structures composed of 
two layers of silica tetrahedron and one central 
dioctahedral or trioctahedral layer) 






2. Nonexpanding lattice 
Illite group 
C. Regular mixed-layer types (ordered stacking of 
alternate layers of different types) 
-Chlorite group 
D. Chain*"structure types (lionblende-like chains of 
silica tetrahedrons linked together by octahedral 





(Grim, 1968, p. 32) 
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of these unit structures are distorted to fit the actual 
crystal lattices. Figure 4.1. shows the tetrahedral and 
octahedral units and schematic representation of some 
clay minerals. 
The properties of montmorillonites (or smectites, 
as they are sometimes called) are of particular interest 
to the present study, because bentonitic clays, which are 
widely used in slurries, are mainly composed of mont- 
morillonite minerals. 
4.2.3. Montmorillonites and their Colloidal Properties 
Montmorillonites may also be called "expanding thre&- 
layer clays". Figure 4.2 shows a sketch of the structure 
of montmorillonite minerals. On the basis of the theoret- 
ical formula (O11)4SieAl4O20. n 1120 (interlaycr), the 
theoretical composition is 66.7% Si02., 28.3% A1203, and 
5% H20 (Grim, 1968, p. 83). f 
The silicon atoms in the tetrahedral sheet may be 
replaced by phosphorus or aluminium, and the aluminium 
atoms in the octahedral sheet may be replaced by magnesium, 
iron, zinc, nickel or lithium atoms. This replacement is 
often referred to as isomorphous substitution. In most 
clay minerals, the atoms with higher positive valencies 
may be replaced by atoms with lower positive valencies, 
and a deficit of positive charge, or an excess of negat- 
ive charge results. This negative charge is compensated 
by the adsorption on the layer surfaces, of cations which 
are too large to be accommodated in the interior of the 
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Figure 4.2. Diagrammatic sketch of the structure 
of smectite. (From C-im, 1968, p. 79). 
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JIB 'Ot (11) ScPiolite. (Eskischehir, Turkey). 
iig. 4.3. Particle shape of clay minerals. (From Beutelspacher and Van der Marel, 1968, (a) p. 96, (b) p. 170). 
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4.2.3.1. Montmorillonite-Water System 
In the presence of water, the compensating cations 
may be exchanged for other cations if these are avail- 
able in the solution; hence, they are called "exchange- 
able cations". The total amount of exchangeable cations, 
expressed in milliequivalents per 100 grams of dry clay, 
is. called the "cation exchange capacity" (CEC) or the 
"base exchange capacity" (BEC). The base exchange capacity 
is proportional to the surface accessible to ions and is 
used in estimating the specific surface of clays. 
In a. solutions containing several different cations, 
the type and amount of each cation adsorbed depends on 
the relative concentrations of the cations in the solution 
and the ability of one to replace the other. For example, 
Na+ can replace H+, Ca ++ can replace Na +, though in each' 
case the replacement may not be complete. However, some 
cations may be irreversibly adsorbed by a clay, so that 
no further exchange can occur. (Grim, 1968, p. 212 et scq. ) 
When montmorillonite clays come in contact with 
water, they adsorb water molecules between the unit layers 
and swell. The amount of water adsorbed is determined by 
the exchangeable cation; a sodium typ7e montmorillonite 
has a greater tendency to swell than a montmorillonite 
with calcium as exchangeable cation. There is controversy 
over the mechanism involved in swelling or hydration of 
clay minerals (Grim, 1968, pp. 235-238). Theories based 
on the hydration of the adsorbed cations, which may lead 
to an osmotic swelling, and the polar nature of water 
molecules and their ability to form hydrogen bonds have 
been suggested. 
There are non-expanding three-layer clay"minerals; 
it is also known that even in expanding clay minerals, 
dehydration beyond a certain limit can be irreversible. 
This may be due to the collapse of the layers when water 
molecules are extracted from the interlayer positions. 
In some clays, and for certain species of exchange cations, 
ion hydration may dominate the interlayer swelling; in 
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other clays and with. other species of cations, surface 
hydration may be more important. The mechanism involved 
probably depends on the surface and hydration energies 
of intercrystalline layers and adsorbed cations. (See 
Van Olphen, 1963, pp. 146-153). 
4.2.3.2. Stability of Montmorillonite Suspensions 
I 
The specific gravity of montmorillonite minerals in 
a dehydrated state varies from 2.2 to probably more than 
2.7 (Grim, 1968, p. 467). Hence, the particles are more 
than twice as dense as water and tend to settle under 
gravity. A plausible explanation for the swelling and 
dispersion of montmorillonites to, form stable suspensions 
in water may be as-follows: 
When montmorillonites are brought, in contact with 
water,, water molecules are adsorbed on the surface and 
penetrate into the interlaycr spaces of clay particles. 
As the layers separate, the Van der Waals forces holding 
the layers together become weaker than the, repulsion due 
to the net negative charge of the layers, and the lattice 
layers move further apart and more water molecules arc 
adsorbed. The exchangeable ions and the atmosphere of 
counter-ions form an elpctric double layer (van Olphen, 
1963, pp. 30-43)., The particles remain apart and form a 
stable suspension in water due to the long range effect 
of the electric double layer, or due to the electric 
charge originating from lattice imperfections (iso- 
morphous substitutions). . 
Grim (1968, p. 247) concluded that water molecules 
out to distances in excess of 60A from the mineral are 
0 
affected by the adsorption forces. The water within IOA 
of the clay surface is more strongly attracted and partial 
specific volume is as muchas 3 per cent greater than that 
of normal water. (That is, the more strongly adsorbed 
water is less dense than ordinary water, probably because 
the molecular arrangement approaches that of ice. ) There 
is evidence that the layers of water closest to the surface 
I 
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have a non-liquid behaviour, but the'values given by 
different workers for the thickness of such water vary 00 from 7.5 A to probably 60 A, and values up to several 
hundred a*ngstr6ms have beep recorded (Grim, 1968., pp. 2519 
252). The clay surface is irregular and the adsorbed 
cations cause distortions in the structure of adsorbed 
water. The situation is further complicated by the kine- 
tic nature of water molecules. However, the interparticle 
distances in a stable suspension may be in the order of 
thousandsý of Angstrbms and the adsorbed layer cannot 
fully account for the stability of a montmorillonite 
suspension. (See van Olphen, 1963, p. 53 and pp. 245-248). 
In practice, montmorillonite minerals may swell 
spontaneously up to a certain water content and then the 
rate of swelling falls to very low values. To increase 
the rate of swelling, it is usually necessary to disperse 
the clay particles by some mechanical means such as 
vigorous mixing or ultrasonic dispersion. In colloid 
chemistry, such materials which require extra energy to 
disperse are called hydrophobic colloids as opposed to 
the hydrophilic colloids such as gelatine and glue, 
which swell and disperse in water spontaneously to very 
low concentrations. 
4.2.3.3. Particle Association in Montmorillonite 
Suspensions; Dispersion, Flocculation and 
Gelation 
The flake-shaped montmorillonite particles carry an 
overall negative charge, but on the edges, where the 
lattice layers are broken, silicon and aluminium atoms 
with positive charges are exposed. This results in a 
positive edge charge and and edge electric double layer. 
The particles have very much smaller edge stirface than 
face surface area; the diameter of a flake may be 10 to 
100 times the thickness * (Grim, 1968, p. 174). 
* Me theoretical surface of montmorillonites computed from unit- 
cell dimensions is approximately 8xlOsm2. kg-1. Different experimental 
methods yield different values, because they measure different propert- 




The particles can be 300A in diameter and 50 to 80A 
thick. Therefore, the overall negative charge of particles 
is due to the dominance of negative face charge, though 
the charge densitý varies in different species of 
montmorillonites and also with the composition of the 
solution. The positive edge charges may be reversed by 
the a'dsorption of anions, and added electrolyte may 
neutralize or even change the electric charge of. the 
particles. (Van Olphen, 1968, pp. 25-27). 
In a montmorillonite suspension, the flake-shaped 
clay particles tend to orientate themselves under the 
eifect of surface electrical charges. This leads to 









(e) (1) (g) 
Figure 4.3. Modes of particle association in clay suspen- 
sions, and terminology. (a) "Dispersed" and I'deflocculated". 
(b) "Aggregated" but Ildcflocculated" (face-to-facc associ- 
ation, or parallel or oriented aggregation). (c) Edge-to- 
face flocculated but "dispersed". (d) Edge-to-edge floc- 
culated but "dispersed". (e) Edge-to-facc flocculated and 
"aggregated". (f) Edge-to-edge flocculated and "aggreg- 
ated". (g) Edge-to-face and edge-to-edge flocculated and 
"aggregated". (After Van Olphen, 1963, p. 94) 
I 
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When electrolytes are added to a dispersed defloccu- 
lated clay suspension (a) the electric double layer., the 
diffuse counter-ion atmosphere, is compressed to the sur- 
face and the particles tend to come closer. This may lead 
to face-to-face (FF), edgc-to-facc (EF) or an edge-to- 
edge (EE) association of particles, or a combination of 
face-to-face with edge-to-face or edge-to-edge. (FF) 
association is referred to as the "aggregated" state, and 
(EF) and, (FF) associations are referred to as the "flocc- 
ulated" states. The dispersed deflocculated suspension is 
often called "peptized" or "deflocculated". Aggregation 
or flocculation may also be called coagulation 0,, 
Edge-to-face and edge-to-edge association leads to 
porous card-house structures, which may form 11flocs", and 
flocs may form clusters (Tan, 1957). Flocs and clusters 
may shrink to form larger veins and lenses of denser 
suspension leaving dilute regions. This is called-tactoid 
formation. The formation of the card-house structure leads 
to gelation., that is, development of resistance to flow. * 
In some suspensions, the particles may form a homogenous 
card-house structure, and the 'structure as a whole may shrink 
to expel the pore water; this phenomenon is called syneresis. 
With time, the equilibrium particle association of a 
stable suspension may tend to change to lower water con- 
tent modes-of association. This phenomenon is generally 
referred to as ageing. 
In practice, ccmentitious or other stabilising 
materials are added to clays or clayey soils to render a 
long term stability and durability. -(See Chapter 5) . 
* Some workers associate gelation with the acquisition of a contin- 
uous structure by the adsorbed layer which results in an increase in 
surface tension (and an increase in the total volume of the suspension 




4.2.3.4. The Effects of Additives on the Properties of 
Montmorillonite Suspensions, and Solubility of 
Montmorillonite in Alkalies. 
It was noted in the preceding section that electro- 
lytes, that is, the substances which dissociated into 
anions and cations, and thus increase the electrical con- 
ductivity of water, have a repressing effect on the elect- 
ric double layer. The effect of various cýmpounds on clay 
suspensions have been studied. The coagulating effect of 
a cation is proportional approximately to the sixth power 
of its valency (Pauling, 1970, p. 476). Thus, an alýminium 
cation will be about 700 timesas effective as a sodium 
cation. (See also Van Olphen, 1963, pp. 23-25). 
ýThe solubility of silica and silicates in solutions 
of various pH values have also been studied. (Grim, 1968, 
p. 434 et seq. ). Solubility of clay minerals in alkalies 
is probably of particular relevance to the present study 
in that the converted bentonites used in industry contain 
alkaline admixtures and cement suspension is highly alka- 
line. (See Sections 2.3 and 6.4.2'. 3'. ) 
It has been shown that the silica and alumina in mont- 
morillonite and attapulgite dissolve in very dilute sodium 
carbonate or sodium hydroxide solutions (Grim, 1968,. 
pp. 446-448). The solvation and swelling of silica and 
alumina in siliceous and aluminous aggregates due-td 
reaction with the alkali (Na20 and K20) present in the 
cement, called "alkali-aggregate reaction", is well known 
for its detrimental effect in concretes (Powers and 
Steinour, - 1955a and b) -I 
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4.2.4. Bentonite 
The term bentonite was the name first given to a 
particular, highly colloidal, plastic clay * found near 
Fort Benton in Wyoming (U. S. A. ). It has the unique char- 
acteristic of swelling to several times its original 
volume when placed in water and it forms thixotropic. gels 
with water even at very low solid concentrations. It was 
shown that this clay was formed by the alteration of 
volcanic ash in situ, often in marine formations. The 
material should contain sufficient amount of magnesia to 
promote the formation of smectites which give the material 
its particular character (Grim, 1968, p. 566 et seq. ). Grim 
(1968, p. 568) notes that the alteration process is not a 
weathering process. 
Clays composed largely of smectites and formed by 
the normal or hydrothermal alteration of volcanic ash in 
situ are found in almost all countries and in rocks of 
wide variety of ages. The volcanic ashes that have under- 
gone metamorphic processes and consolidation, and which 
contain potassium, form minerals called metabontonites. 
These minerals are mainly non-swelling illite-smectite 
mixtures. Bentonitic clays most often arc yellow or 
yellowish green. The material formed by hydrothermal 
processes is usually found as irregular masses and that 
from sedimentary ashes, found in layers of varying'týick- 
nesses. 
Bentonites generally carry calcium as the most 
abundant exchangeable cation and only a few bentonites, 
such as Wyoming bentonite, occur in the sodium form. 
Natural sodium bentonite has a very high swelling and 
exhibits highly colloidal qualities. Bentonites converted 
into the sodium form from natural calcium bentonites are 
commerci, ally available. However, these bentonitic clays 
do not develop fully the properties of the Wyoming mater- 
ial. Th 
' 
is is probably because the lattice structure of 
the particular smectite is also different. 
A natural sodium bentonite. 
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The desirable cliiracteristic. of a bentonitic clay., 
apart from rheological properties, are the ability of 
the material to deposit low permeability filter cake. It 
has been observed that the water flow through bentonitic 
clay layers was non-Darcian, that is', the relation bet- 
ween the hydraulic head and flow is non-linear. (See 
Arnold., 1965). Srivastava et al. (1975) concluded that 
this effect could not be attributed to streaming electric 
potential., Their experimental results showed that the 
pressure-flow curves for bentonite beds gave low permea- 
bilities under low pressures and that the curve became 
a straight line at higher pressures, with a positive 
pressure intercept. 
4.3. CEMENTS; HYDMULIC BINDERS 
Cement is a finely ground material forming, by the 
addition of an appropriate quantity of water, a binding 
paste capable of hardening both under water and in air 
and of binding together particulate material. (British 
Standards Institution, 1970b. ) 
In industry, cements are obtained by, finely grinding 
mainly unhydrated calcium aluminium silicates. The raw 
materials, lime and clay, are heated to fusion temper- 
atures to obtain the cement clinker, which is then ground 
in cement mills with suitable additions of gypsum, water, 
slag or pozzolanas to give the cement particular qualities. 
4.3.1., Classification and Properties of Hydraulic Cements 
Table 4.2 shows some examples of the main types and 
compositions of cements and siliccous or pozzo. lanic 
materials produced, in a few countries. (Sec, Lea, 1970; 
CEMBUREAU, 1968; Lee, 1974). 
The well-known Port 
' 
land cement is obtained by 
grinding Portland clinker, with. the possible addition of 
a small quantity of calcium sulphate, or water,, or both. 
104 
Portland clinker consists mainly of calcium silicates, 
obtained by heating to partial fusion, a predetermined 
and homogeneous mixture of materials containing princi- 
pally lime (CaO) and silica (SiO2) with a smaller 
proportion of alumina (A1203) and iron oxide (FC203). 
(See BS12: Part 2: Portland Cement (ordinary and rapid 
hardening). BSI, 1971). 
Portland blastfurnace cements are homogeneous mix- 
tures of finely ground blastfurnace slag, Portland clinker 
and calcium sulphate in the ratios shown in Table 4.2. The 
blast furnace slag is a product usually obtained by sud- 
denly cooling (quenching) a melt of suitable composition 
resulting from the smelting of iron ore in a blast-furnace 
(British Standards Institution, 1973). 
High alumina cement is obtained by grinding high 
alumina clinker, which consists mainly of calcium alumi- 
nates obtained by complete or partial fusion of a pre- 
determined mixture of materials containing alumina (A1203) 
and lime (CaO) with smaller proportions of iron oxides, 
silica (Si02) and other oxides (British Standards Instit- 
ution, 1947. BS915: 11igh Alumina Cement). 
Supersulphated cements are composed of blastfurnace 
slag and calcium sulphate together with Portland cement, 
Portland cement clinker or other source of lime. The 
proportion of blastfurnace slag should be not less than 
75% by weight. The content of sulphuric anhydride (SOO 
should be not less than 4.5% by weight (See British 
Standards Institution, 1970b). 
The standard chemical analyses are described in BS 
4550: Part 2: 1970 (British Standards Institution, 1970a). 
The physical properties of cements vary with the type and 
the constituents (British, Standards Institution, 1971). 
The specific surface of ordinary Portland cement is req- 
uired to be not less than 225ml. kg-1. The specific 
gravity of such cements is usually between 3.05 and 3.15 
in paraffin. Blast furnace slags have specific gravities 
between 2.. 38 to 2.76, and specific surface values 400 
to 700 m2 kg-1. 
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4.3.2. Hydration of Coments*and Pozzol'arias 
When cements are mixed with water, hydration reactions 
take place ultimatdly producing complex hydrates which may 
form a coherent solid structure and bind the inert compo- 
nents of, cementitious mixtures. Some examples of hydration 
reactions are summarized in the following paragraphs. 
During the first few minutes of hydration of the 
ordinary Portland cement, the CaO and CaS04 dissolve 
quickly until saturation and some Ca(OH)2 may precipitate 
in hexagonal crystals. The CaO: SiO2 ratio is greater than 
1.5: 1. in the solution (Lea, 1970, p. 237). In the later 
stages of hydration, Ca(OH)2 and CaS04 attack silica, 
alumina and ferric oxide and crystalline complex hydrated 
compounds such as-calcium silicate hydrates, calcium 
aluminate hydrates, calcium sulpho aluminate hydrates and 
calcium sulpho alumino ferrite hydrates are formed. Some 
free, Ca(011)2 may remain in the hydrated products. (See 
Copeland and Kantro, 1964). 
In the hydration of high alumina cement, the solution 
is not saturated with Ca(OH)2, and free Ca(OH)2 is not 
observed. The hydration reactions yield dicalcium aluminate 
hydrate and tricalcium aluminate hydrate. Some free alumina 
hydrate may remain at the end of hydration. 
When finely ground blast-furnace slag is mixed with 
water,, usually no sign of hydration can be observed (Lea, 
1970, p. 479). This is attributed to the small amount of 
CaO that can pass into solution and the acidic SiO2 film 
surrounding the particles. If there is sufficient CaO 
available, this film ruptures and hydration proceeds. The 
slag combines with CaO-from the surroundings to an extent 
of up to 10% of the slag by weight. 
(The blastfurnace slag in Portland, blastfurnace 
cement combines with the lime from the Portland cement and 
the complex hydrates form. The excess CaO may precipitate' 
as free Ca(OH)2. ) 
Fly ash, a pozzolana, is capable of combining with 
lime., This combination is generally considered to be a 
direct reacti. on and not a base exchange reaction as'in the 
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case of zeolites. (Lea, 1970, p. 426). In other words, 
the reaction isirreversible. However, a distinction can 
be made between fly ash and blastfurnace slag; fly ash is 
a pozzolana whilst slag is a latent hydraulic cement. 
An important point is that the hydration and cement- 
ing action of cements and pozzolanas is affected not only 
by their chemical compositions but also by the properties 
of the solid solution and the petrographical structure of 
anhydride components. The alkalis (Na20 and K20) affect 
'the solubility 'of silica and alumina to an extent out of 
all proportion to their low concentrations (Table 4.2). 
After the first few minutes of hydration, the cement' 
particles are surrounded by impervious layers of silica 
and alumina gel and this film reduces the rate of hyd- 
ration. Only a surface layer approximately 5 to 10 mic- 
rons thick can reach complete hydration under normal 
conditions (Powers, 1949). It has been estimated that 
only particles with diameters smaller than 50 microns may 
approach full hydration, though at very long ages. 
Complete hydration has been obtained in the laboratory by 
five days Of milling in water. The rate and degree of 
hydration are greatly affected by the specific surface. 
Hydration of cements can be considered to be mainly 
surface reaction. A surface reaction can be divided into 
the following elementary steps (Moore, 1974, pp. 501, SS3): 
1. Diffusion of reactants to surface 
2. (Reaction in-the layer of solution adjacent to 
surface) 
3. Adsorption of reactants at surface 
4. Chemical reaction on the surfacb 
S. Desorption of products from surface 
6. (Reaction in layer of solution adjacent to surface) 
7. Diffusion of products away from the surface 
The. kinetics of the hydration reactions. of cement can 
be treated. on the basis of the following assumptions: 
1. The rate determining step may be diffusion, 
sorption or chemical reaction and depends on the 
progress of hydration (Brunauer and KantroJ964). 
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2. The reaction rate per unit surface is proport- 
ional to fraction of surface available for inter- 
action or reactants. 
3. The value ýf the fraction of surface available 
for. interaction is determined by any catalysts 
and is affected by the hydration products. 
Hydration of cements and the effect of additives can 
be explained in terms of the aforementioned considerations. 
For example, addition of clay may influence the reactions 
by depositing a' clay layer on the cement particles and 
adsorbing lime. Alkalies (NaOH and KOH), when present in 
small quantities, may increase solubilities and thus the 
rate of solvation. 
4.3.3. Hypotlicsis on Hardening Mechanism in Hydraulic 
Cements I 
Since the late 19th century, two theories for the 
setting and hardening of Portland cement have been 
advocated. The first one, advanced by Le Chatelier in 
1882, was called the "crystalline theory" and ascribes 
the development of strength of hardened cement paste to 
the growth of interlocking crystals, as occurs in the 
setting of plaster of Paris. The second and more popular 
theory was first propounded by Michae*lis in 1893 and is 
called the "gel theory" or the "colloidal theory". In 
this theory, cement paste was considered to be a super- 
saturated solutions of hydrated compounds, which event- 
ually coagulated to form an amorphous mass called gel. 
This gel, upon drying, was believed to harden and shrink, 
and bind together the inert components to make a solid 
material (Blanks and Kcnnedy, -1955, pp. 38,39). (See also 
Powers, 1964, pp. 410 et seq. ) 
When cement is mixed with water, lime and gypsum 
and alumina pass into solution and the cement liquor 
becomes saturated with them. The less soluble and more 
stable hydrates precipitate yielding a crystalline 
structure of 200-300.103M2 kg_1 specific surface area. 
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The higher the water: ccment ratio the larger the crystals 
and less number of contacts between the crystals (Lea, 
1970, p. 268). 
Clay, or more specifically bentonite, -in bentonite/ 
cement suspensions behaves as 'a catalyst controlling 
the 
hydration of cement whilst also suspending the cement 
particles in the'clay gel structure. Some of the aspects 
of the reactions in clay/cement slurries will be dis- 
cussed in Chapter 5 on the basis of the properties of 
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CHAPTER S. HYDRATION AND CEMENTING PHENOMENA 
IN BENTONITE/CEMENT SLURRIES 
5.1. INTRODUCTION 
The reaction of slurry constituents begins when they 
are first mixed with water and may continue to very late 
ages. The reactions are greatly affected by chemical. 
composition and also by the initial degree of dispersion 
and solvation. 
5.1.1ý Mixing of Clay/Cement Slurries 
On mixing with water most particulate silicates wet 
easily, but require extra energy to disperse (Section 
4.2.3.2. ). The extra energy required for dispersion is 
proportional to the specific surface area and the 
flocculating forces. Thus, it can be said that more 
vigorous mixing will be needed to disperse bentonites 
than Portland cements, and still more vigorous to. disperse 
a mixture of bentonite and Portland cement. 
In aqueous media, the clay particles carry negative 
charge and cement particles are very probably positively 
charged due to the Ca++ ions. When bentonite and Portland 
cement arc dispersed in water, the system usually shows 
mutual flocculation*; the negative bentonitc particles 
and positive cement particles coagulate and during the first 
few minutes of mixing the slurry may become very stiff" 
or viscous (Caron, 1973). The electrolytes dissolving from 
van Olphen, 1963, pp. 25,215. 
This stiffening may also be associated with the false set or flash 
set of the cement. In concrete technology, flash or quick set is 
attributed to the prc5ence, in cement, of gyps= dehydrated to 
excess due to unduly high temperatures in cement mills. The 
process is considered irreversible. False set, on the other hand, 
is a reversible stiffening caused by the non-uniformity of the 
surface charges of particles due to basic deficiencies in cement 
clinkex such as non-uniform distribution of the compounds throughout 
the clinker grain. (See Blanks and Kennedy, 1955, p. 43; Neville, 
1977, pp. 16,17; Copeland and Kantro, 1964, p. 314). 
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cement also causes the bentonite to flocculate by 
suppressing the electric double layer. The gel strength 
of bentonite suspension increases. The later decrease . in 
gel strength and viscosity is probably due to the 
aggregation of bentonite particles to form larger kinetic 
units with a lower number of contacts per unit volume of 
slurry. At this stage cement particles or flocs are 
surrounded with a layer of bentonite particles and the 
rate of increase ir. electrolyte concentration is reduced. 
Tcchniques, and apparatus for mixing clayey and 
cementitious suspensions have been developed (Wallays, 1961; 
Bruthans, 1965) and high turbulence mixing is recommended 
(Colas des Francs, 1975). Coulson and Richardson (1965, 
pp. 923-934) cite various types of containers or vessels, 
paddles and propellers used in mixing in industry. They also 
quote mathematical-methods to estimate the power requirement 
for efficient mixing, . given the geometry of the vessel 
and the propeller, and the viscosity of the material. 
Shtaerman (1970) employed high frequency (100-20OHz) 
vibration in dispersing and activating the cement in high- 
fines concrete. 
In the mixing of two mutually coagulating systems 
such as bentonite and Portland cement, the whole of the 
material in the vessel should 'circulate through, -. the high 
shear zone around the propeller (turbine or impeller) so 
that the f loccules may be broken by shear Ultrasonic 
dispersion has been employed in dispersing colloids. The 
efficiency of high pressure ultrasonic waves can be greatly 
reduced by the entrained air and the aid of a paddle or 
propeller may be needed to mobilize the material. The rate 
andisequence of addition of cement and clay into water may 
affect the rate of coagulation and the gel strength, and 
hence the efficiency of mixing. 
In the preparation of bentonite/cement slurryp usually 
a bentonite slurry is mixed first and left for some time to 
hydrate or achieve its colloidal properties. This period of 
hydration may be as long as 24 to . 36 hours* 
(Caron, 1973; 
Bruere, 1974). Cement may be added to the clay slurry as 
on site, the hydration time is limited by the voluno of the tanks 
available for storage and (also by) the speed of the work. 
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dry cement or as a cement slurry. Bentonite and cement may 
be mixed dry and added to water to form the slurry* (Caron, 
1973; Jefferis, 1976). 
1 
5.1.2. The Effect of Particle Association on Hydration in 
a Bentonite/Portland Cement Slurry 
As explained above, in a bentonite/cement slurry, the 
negatively charged clay particles are attracted by the 
positively charged cement particles. This produces an 
adsorbed clay layer which forms an impermeable, less reactive 
layer around the silica and alumina gel on the cement 
particle. This hinders the hydration of cement, and 
preserves the colloidal properties of the cementitious 
clay slurry. The amount of clay adsorbed can be assumed 
to be proportional to the electro-positivity and reactivity 
of the cement particles. . 
The water: cement ratio is low in a flock of cement 
particles surrounded by an impermeable layer of clay. 
Therefore, a cement f loccule can f lash set in itself and 
may not be broken under moderate shear, and remain as 
cementitious grains. The products of hydration of, cement 
have a low solubility in water as shown by the stability 
of hardened cement paste in contact with water. The 
hydrated cement under the layer of clay bonds firmly to the 
unrcacted cement. ** The hydration can proceed in 
proportion to the amount of water which passes through the 
outer hydrate layers and diffuses into the 
unhydrated core. It i; possible that the newly produced 
hydrate envelope grows from within by the action of water 
that penetrates the surrounding film. Alternatively, the 
dissolved silicates from the cement grain may pass through 
the envelope and precipitate as an outer layer. The*volume 
of hydration products will be at least twice that of the 
Mutual coagulation or initial stiffening may be less pronounced the 
shorter the time for prehydration of bentonite, because the effective 
specific surface of clay in suspension usually increases after 
mixing with water. 
Neville, 1977, p. 11. 
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unhydrated cement* and the outer layer will probably 
rupture and thus allow further hydration. A third 
possibility is for the colloidal solution to be precipitated 
throughout the mass after the condition of saturation has 
been reached during initial mixing and/or agitation 
' 
due to 
excavation. This can occur if the clay particles are not 
strongly adsorbed by the cement grains, or if the cement is 
able to dissolve and diffuse through the clay layers. 
Whatever the mechanism of hydration, not every 
bentonite/cement slurry gains mechanical strength, nor 
indeed every silicate mixture, that hydrates. 
5.2. SETTING CLAY/CEMENT SLURRIES 
Caron (1972) made a study of the strength gain with 
time of various 'clayey cementitious suspensions and 
summarized the general trends as shown in Figure 5.1. 
OA-Pure cement slurry of 
D 
approx. the same water: cement ratio A 
OB-High alumina cemenVclay slurry 
OC--CLK/clay slurry with chloride 
C 







Fig. 5.1. General trends of strength versus 
time relations in cementitious slurries (After 
Caron,, 1972-. ) 1 
Tornaghi studied the effects of cement: water ratio and 
the type of cement on the unconfined compressive strength 
of bentonite/cement slurries (Figure 5.2. ). 
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Fig. S. 2. Unconfined compressive strengths of 
bentonite/cement suspensions as a function of cement: 
water ratio (After Tornaghi, 1972). 
Later works confirmed that cements containing blast- 
furnace slag showed high rates of strength gain and 
ultimately higher long-term strength (Caron, 1973; Colas 
des Francs, 1972). The low strength of slurries containing 
high alumina cement has been attributed to the conversion 
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from metastable CA1110 (mono calcium aluminate decahydrate) 
to C3AI16 (fricalciumaluminate hexahydrate)* and alumina 
hydrate, which has less mechanical resistance (Building 
Research Establishment, 1975). The rate of conversion is 
known to increase with water: ccment ratio** and alkalinity 
(Neville, 1977, p. 81). In clay/pozzolana + cement slurries, 
it is possible that the calcium concentration in solution 
is not sufficiently high-to activate the pozzolana and very 
little load bearing structure is formed. 
The commercially available bentonites usually contain 
sodium salts such as Na2C03 (sodium carbonate) and Na3PO4 
(sodium phosphate) or sodium polyphosphates. These salts 
act as set accelerators when present in small quantities 
and may retard the setting of cement at higher concentrations. 
The retarding action of Na2CO3 disappears at yet higher 
concentrations whirst that of sodium phosphate increases, 
on account of which it was classified by Fors6n among 
"cement-destroying retarders" (Copeland and Kantro, 1964, 
pp. 318-321; Lea, 1970, pp. 304,305). Sodium carbonate 
and sodium phosphatýe react with calcium hydroxide and yield 
alkali (NaO11) and calcium carbonate and calcium phosphate 
thus reducing the effective calcium concentration and 
protecting the clay slurry against the flocculating effect 
of calcium cation. 
It is known that NaOll treatment increases the 
strength of cement-stabilized soil (Lambe et al., 1960). 
This effect was found to increase with the amount of 
"extractable silica" in the soil (Figur e 5.3). It was 
observed that this beneficial effect decreased when the 
soil was cured with sodium hydroxide prior to addition of 
cement. This is-probably due to the solvation of the silica 
See Lea, 1970 for nomenclature and abbreviations on hydration products 
of cements. 
Ifigh alumina cement is usually less finely ground than ordinary 
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Fig. 5.3. Effect of extractable silica content 
on the increase in compressive strength of soil- 
cement treated with 1% sodium hydroxide. (After 
Lambe et al., 1960, p. 95) 
from the soil, and when mixed with cement, covers it as 
an impermeable layer of extra silica and inhibits hydration. 
The amount of soluble or extractable (or active) 
silica is sometimes taken as the criterion for pozzolanic 
activity and latent hydraulicity of respectively pozzolanas 
and latent hydraulic cements (Turriziani, 1964, p. 72; 
Hanna and Afify, 1974). In concrete technology the 
reactivity of such additives are determined by the effect 
on compressive strength of standard samples inade with 
cement containing a certain amount of this material 
as a replacement (Lea, 1970, p. 466). 
It can be concluded that blastfurnacc slag cement 
showsa high degree-of hydraulicity in bentonite/coment 
suspensions, due to its high active silica, low lime and 
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relatively low reactivity. 
5.3. EFFECT OF CHEMICAL COMPOSITION 
Experimental data on the setting clay/ccment slurries 
show that the mixes made with cements containing over 70-80% 
slag have higher cementing ability. 
Lea (1970, p. 87 et. seq. ) summarized the cementing zones 
in the system CaO-Al2O3-SiO2. as shown in Figure 5.4., on 
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In representing th6 Portland cement area, the ferric 
oxide has been included with alumina, and the sum of the 
lime, silica, alumina and ferric oxide made up to 100 percent. 
The area., covered by Portland cement compositions is 
relatively small and yet almost all modern cements fall in 
the part of this zone lying on the high lime side of the 
65 percent CaO line. The limit of lower lime content 
decreases as the ferric oxide in R203 (R203 represents the 
combined oxides of iron and aluminium) increases. The high- 
alumina cement, zone shown in Figure 5.4. is based on 
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experimental studies which have been made with pure lime- 
silica-alumina mixes. The cementing properties of 
compositions lying to the right of the high alumina cement 
zone are-reduced as the alumina content is increased, or 
as the lime (CaO) content-(available for reaction) is 
decreased as may happen in a bentonite/high alumina cement 
slurry.. 
The Portland cement zone. widens when the ferric oxide 
(Fe203) in the R203 increases. Iron ore or Erz cements 
which are composed essentially of lime, silica and ferric 
oxide, exhibit all physical properties of Portland cements 
except that they harden slower. The Si02: R203 ratio for 
Portland cements is about 1.5: 1. whereas., if all alumina is 
replaced by ferric oxide, the Si02: FC203 ratio may 
decrease to values as low as 1.2: 1 and the time of setting 
can be controlled by the addition of gypsum. This behaviour 
of the system may be due to the formation of 2CaO. FC203, (C2F) 
which does not show rapid setting as does 3CaO. Al2O3, (C3A). 
On the high Si02 side, Si02: F02O3 ratios, can take higher 
values than in Portland cements. The lime combining 
capacities of alumina and ferric oxide are different and 
the lower lime limit can decrease. Therefore, the higher 
the ferric oxide content of the cemýnt the less lime is' 
needed and the SiOz contents of cementing compositions can 
be higher. Such mixtures are chemically between Portland 
coment. and clay zones and probably have affinity towards 
both of them. 
The cementation mechanism in a bentonite/cement slurry 
of high water: ccment ratio (w: c =5 to 6. or about 150 kg 
cement per m') probably involves through-solution reactions*, 
because the distance between cement particles. or floccules 
is too great" to be bridged by the growth of crystals 
from the cemcntitious nuclei. The cement compounds in 
solution should be able to precipitate to give a load 
bearing structure in the clay suspension between the 
Taylor, 1965.. 
About 50 to 70 microns calculated on the basis of volume mean 
diameter. 
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cementitious nuclei. Further hydration and strength gain 
may take place in this structure as long as the 
cementitious floccules remain active. 
The cementing zones shown in Figure 5.4. offer some 
explanation of the strength or lack of strength in clay/ 
cement suspensions. However, not every mixture with 
chemical composition falling in a cementing zone can gain 
strength; for example, the hydration reactions may yield 
a solid phase dispersed in a continuous non-setting phase 
depending on the surface chemical properties and crystal 
structures of the reactants. 
5.4. EFFECT OF SURFACE AND CRYSTAL PROPERTIES 
The hydration products of cements are of colloidal 
dimensions (10-1000 A). The setting and hardening of this 
hydrated cement gel is attributed to a binding of these 
particles by some mechanism probably involving hydrogen 
bonding, van der Waals forces, and ionic attractions of 
various kinds caused by the occurrence of unbalanced 
electrical charges. Siloxane (Si-O-Si) bonds may also be 
formed (Taylor, 1964, pp. 20-22). 
Some calcium silicate hydrates (CSII(I)) and tobermorite 
gel, the major constituents of hydrated cement. gel, are 
notably similar to some clay minerals such as halloysitcs 
and montmorillonites (Taylor, 1950; Eitel, 1964, par. 
A127). The individual layers in the plane of the a and b 
axes are well crystallized while the distances betwPen 
them are less rigidly defined. Such structures can easily 
accommodate adsorbed ions and molecules in the interlayer 
spaces. 
The silanol (SiOll) groups in silica (Si02) solution 
have a tendency to condense and form siloxane (Si-O-Si) 
bonds leading to polymerization at p1l values b6low 9, but 
remain as diners at p1l 10.5 and are unpolymerized at pH 
values greater than 13 (Iler, 195S, pp. 36-69). Hence, in 
clay/cement suspensions, which have p1l values usually 
greater than 10.5, the siloxane bonding, or the presence 
of active silica,, * by itself may not lead to setting or 
hardening. 
Thc solubility of silica under certain conditions is takcn as tho 
criterion to distinguish between 'active' silica and 'colloidal' 
silica (Iler, 1955, p. 42). 
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In prescnce of alumina, however, insoluble aluminium 
silicates may form and condense on the positively charged 
edges of bentonite particles thus increasing the points of 
contact between the particles. It is also possible that the 
clay particles act as nuclei or bases for crystal growth 
(Lea, 1970, pp. 265,266)ý Blastfurnace slag aggregate is 
known to encourage such a process. It arises when the 
lattice of the base mineral (blastfurnace slag or bentonite) 
is similar to that of the hydration products of cement so 
that the growing crystals can align themselves in an 
arrangement corresponding to that of the substrate. This 
phenomenon is called opitaxy (or expitaxis) when the 
substrate controls the new lattice in two directions 
(for example, a and b axes), and topotaxy when the control 
is in three dimensions (Eitel, 1964, pp. 204 et seq.; 
Gillott, 1968, p. 36)*. Epitaxis may lead to polymerization 
in two directions, similar to that in the formation of some 
clay minerals (Gillott, 1968, p. 62). The above mechanism, 
to account for hardening, requires that there are 
suitable nuclei or substrata and also that there is 
sufficient cementitious material in the solution to 
initiate and maintain the process of crystal growth until 
a continuous load bearing solid structure is formed. 
Further strength gain may take place either by through- 
solution diffusion of cementitious material from active 
cementitious centers, or by topochemical or solid-state 
reactions probably also involving surface diffusion (Lea, 
1970, p-178). 
Handy (1958) attributed the long-term strength gain of 
soil/cement mixes, over that which may be attributed to 
hydration of cement alone, to readjustment of ions**near the 
It is interesting to note that the striking crystallographic 
similarity between amino acids or proteins and quartz is 
sometimes given as an explanation of the pathology of silicosis. 
Silicosis is lung fibrosis caused by inhalation of dust containing 
silica. 
Also called screening or polarization of ions. Eitel (1964, par. A8) 
explained this phenomenon to be 'a consequence of the tendency of the 
cations to neutralize their electrical fields in the smallest possible 
volume element, and, therefore to direct the chemical interaction of 
solid surface with their surroundings'. 
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surface of the solid particles. A similar surface reaction 
may occur on the positively charged edges of the bentonite 
particles where it is likely that there are unsatisfied 
alumino siloxane bonds. 
For the aforementioned mechanisms to result in 
hardening of the mix, certain degree of surface activity 
and crystallographic similarity are important prerequisites. 
The physical properties of the initial structure, such 
as permeabi ' 
lity and particle association, which control 
diffusion and crystal growth, also influence the reactions. 
S. S. CONCLUSION 
The chemical and crystallographic affinity of the 
cement hydrate gel and bentonite make it possible to 
explain the cementing phenomena in bentonite/cement slurries. 
Surface chemical activity as well as suitable particle 
association and catalytic action of the constituents to 
favour the possible mechanisms also play an important role. 
It should be noted, however, that these can be only 
considered to be necessary conditions for the above 
mentioned mechanisms. 
In general, an increase in cement content should lead 
to an increase in rate of strength development. However, it 
has been found that an increase in water content also could. 
cause increase in strength (Caron, 1973). 
A slurry may not set or harden despite the fact that 
the conditions may favour epitaxy, condensation or 
polymerization; the degree to which the critical 
mechanism responsible for hardening is accomplished 
determines the properties of the final product. 
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6.1. INTRODUCTION 
6.1.1. Aim of the Experimental Work 
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It appears from a review of the literature that the 
stability dgainst bleeding and the flow behaviour of the 
fresh slurry and the long term strength, permeability and 
durability of the set material are the crit ical properties 
for a bentonite cement slurry. 
The present expermimental work was directed mainly 
towards an investigation of the mechanical properties of 
the fresh and set sjurry, and the influence of prolonged 
agitation and the blastfurnace slag content. This slag 
was used to replace some of the ordinary Portland cement. 
Preliminary Experimental Work and the Choice of 
Slurry Composition 
In order to gain a superficial idea of the properties 
of various clays and cements for use in clay/cement 
slurries, a set of preliminary tests 
' 
was. carried out. 
Two types of commercially available bentonite (Aquagcl* 
and Berkbent) and sepiolite were used as clays with 
ordinary Portland and high alumina cement. The composit- 
ions were chosen to obtain bleeding capacities of less 
than 5%. The unconfined stress-strain curves shown in Fig. 
6.1 and Fig. 6.2 were obtained on 25mm diameter 75 mm 
high cylindrical samples tested in a conventional soil 
testing machine using a 3.5 kN capacity proving ring. ** 
A high gel bentonite obtained by addition of chemicals. 
The stiffness of the proving ring was 













No Cement Clay Moisture Cur! ng c'max E 
content 
% MN-rW MN-0 
- PC - Berkbent 250 Water 0.24 45 I 2 O. P. C. Berkbent 85 95%rK 0.23 60 
3 O. P C. Aquaget 365 Water 0.13 24 
.4H. A. C. 
gerkbent 173 95%rh. 0.06 10 
5 H. A. C. Berkbent 204 Water 0.03 '16 
Composition by weight: 
beRonite: cement: water=t2; 6.7 
A ge: 2B d'. 
Specimen dimensions: D225mm 
h=75 mm 
Testing machine: Wkikeham Farrance 
Speed setting: 0.331mm-mi6i 
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Figure 6.1. Stress-strain behaviour 6f-'ben. tonite/cement 
slurries., The approximate nominal, 'composition 
was 60kg bentonite, 250kg, ccmcntjA5Okg,. 
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Figure 6.2. Stress, -strain behaviour of sepiolite/ 
ordinary Portland cement slurry at, 28 days. 
The nominal composition of 1 M3 of slurry was 
approximately 90kg sepiolite, 420kg' cement 
and 840kg water. (Test condi'tions: ''*unconfined). 
Composition by/weight: 1-. 5-. 10, 
sepiolite: opc-. w 
Age: 28 d. Temp.: 22; 2 
R. hurrfidity: (I) 95%, (2)inwater 
Wt loss at 110, C: (D 54% 
(2) 55% 
Specimen dimensions: 025mm WSmm 
Testing rnachine: %keharn Forrance 
Speed setting: 0,076 mm. m161 
128 
A comparison of the curves 1 and 2 in Figure 6.1. 
suggests that the humidity at which the bentonite/cement 
samples are cured. causes significant difference in water 
content retained in the samp les though only a 4% differ- 
ence in the peak stresses or the strengths. The modulus 
of elasticity. of the water-cured sample is lower than 
that of the 95% humidity cured sample possibly due to 
some drying. The reverse of this trend is observed with 
the high alumina samples; the sample cured under water 
has a lower strength (sample 5) but a higher modulus of 
elasticity. 
In general, high alumina cement, which, in grouting 
and concrete technology, is used because of its very high 
early strength, shows only about one fifth as much 
cementing 'activity as ordinary Portland cement in benton- 
ite/cement slurries'. * Figure 6.3 shows stress-strain 
curves of slurries mad e with ordinary Portland cement 
(curve i) and another slurry of the same composition 
0.30 
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10 is 20 25 .0 
STRAINxlO' I. I 
Fig. 6.3.,. The effect of 60% blastfurnace slag replacement 
of ordinary Portland cement on unconfined stress- 
strain behaviour at 28 days. 
*11igh alumina cement costs about fivc'to six times more than ordinary 
Portland cement and, therefore, is probably not economically feasible 
for use in clay/cement slurries. 
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ýxcept that 60% of the ordinary Portland cement (o. p. c. ) 
was replaced by blastfurnace slag (b. f. s. )* The bleeding 
capacity of the bfs samples was less than 1%, about a 
quarter of the pure opc sample. This was probably due to 
higher specific surface (400-700 M2 kg-') and lower lime 
content (lower t, -han 4411) of the bfs. ** 
The initial stiffening of. the bentonite/opc + bfs 
slurry during mixing was also lower than that of the 
slurry made with plain opc. The bentonite/opc slurry 
required almost a kneading action to disperse, whereas 
the bentonite/opc + bfs could be much more easily 
dispersed by a propeller mixer. It was observed that the 
bentonite/opc samples developed a thin layer or crust, 
probably of calcium carbonate, with a soft pasty layer 
beneath it when kept under water. This was probably due 
to solvation and diffusion into the curing water of the 
cementitious components in the outer layers. The lime 
might have combined with the dissolved C02 in the 
water and precipitated as calcium carbonate. In the opc + 
bfs sample no weak outer layer was observed, though a 
thin harder layer of yellowish colour did develop. 
Similar outer layers have been observed on bfs + opc 
pastes with water cement ratios of 0.5 - 0.7. (Aitcin,, 
1970). 
The preliminary test results suggested that additions 
of blastfurnace slag to replace some of the ordinary 
Portland cement could yield bentonite/cement slurries of 
higher strength and durability, and probably lower perm- 
eability. Bentonite can impart stability against bleeding 
at low concentrations (about 5%) and blastfurnace can 
render mechanical streftgth and durability while also 
making it possible to obtain easily mixable and stable 
slurries. Therefore, commercially available converted 
sodium bentonite (Berkbent), ordinary Portland cement and 
The nominal compositi6n of lm. 3 of slurry is 50kg bentonite 
(Berkbent), 150kg cement, 930kg water. 
Blast furnace slag costs between a fifth to a quarter as much as 
ordinary Portland cement. This makes it economically feasible 
for use as-a slurry constituent. 
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blastfurnace slag (Cemsave) were chosen as the slurry 
constituents for the experimental work. 
6.1.3. Experimental Programme 
In studying the effect of blastfurnace slag it was 
considered convenient to replace varying amounts of 
opc with bfs in increments of 20% and to narrow down 
this interval where necessary. To simulate the ef f ect of 
-excavation, the slurry was agitated for tip to 72 hours 
and tests were carried out at suitable intervals to 
monitor the changes in the properties of the fresh slurry 
and samples were cast for mechanical tests. The details 
of test procedures are given in Section 6.3. 
6.2. T14E PROPERTIES OF SLURRY CONSTITUENTS 
London tap water, Berkbent CE (Civil Engineering 
grade, a converted bentonite), ordinary Portland cement 
and Cemsave (ground blastfurnace slag) were used as the 
slurry constituents. Some properties of these materials 
are given in. the following sections: 
6.2.1. Water 
The tap water had a specific gravity of 1.0005 at 
250C. thus showing it contained some dissolved salts. A 















The pII of the. fresh water , 
from the tapwase%, 8; this pli 
would decrease to about 6.5 when samples of water were 
left exposed to the atmosphere for 24 hours (due to the 
I absorption of atmospheric carbon dioxide). 
6.2.2. Bentonite 
The properties of Berkbent CE (Civil Engineering 
grade) as given in the report provided by the manu- 
facturers (Steetley Company Limited, 1974), are quoted in 
Appendix VIII. The chemical composition of Berkbent CE - 
is also given in Table 6.1 for comparison with the other 
contituents. 
The specific gravity test carried out in the 
laboratory gave a value of 2.22; which is lower than the 
2.55 quoted in the manufacturers' report. A 5% clay 
suspension in tap water was left to hydrate for 24 hours. 
This suspension was diluted to 2% and the specific 
gravity test was performed at 30*C using a balance 
reading correct to 0.1 mg. The dry density, 2.98 x 103 
kg. m- 3, used in mix calculations was calculated from this 
value and the moisture content determined as weight loss 
at 110"C after 24 hours. 
In batching, correction was made for the variations 
in moisture content of Berkbent. The, moisture content 
of this hygroscopic material varied between. 14 and 24 
per cent. This variation, though only about 10%, could 
affect the properties of a slurry mix due to the high 
specific surface of the clay. 
The particle size. distribution of the dry material 
and wet dispersion is given in Figure 6.4a. The material 
contains 91% below 2 microns Stokes' diameter. 
6.2.3. Ordinary PortlaTýd Cehent and Bl'ast'fttrna: c*c Slag 
'(Ccmsave) 
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The chemical and physical pFoperties of the ordinary 
Portland cement and Cemsave are given in Table 6.1 
and Appendix VIII. 2 and 3. 
The specific gravity of o. p. c. in water, 3.25, 
was used throughout the work. The theoretical unit 
weight of slurry calculated from the specific gravities 
in water of the slurry constituents was used in 
calculating the volume of air per unit volume of the 
clay/cement slurry. (See Appendix VII. 2. ) 
The difference between the specific gravity of 
Cemsave in paraffin and in water was insignificant; ' 
only 0.01 in 2.90. This is probably due to its low 
solubility in water. 
The "Keil index" and the "index of quality" of 
Cemsave suggest that it is generally of "good" quality. 
(See Appendix VIII. 3.2. ) 
133 
TABLE 6.1. Chemical compositioiri'and propertic-s of s'ol'id 
slurry constituents. 
Compound or Ordinary Cemsave Berkbent, CE 
property Portland 
cement 
Si02 19.9 33.41 45.41 - 
A1203(%) 6.73 14.62 11.08 
Fe203(%) 2.2 0.0 8.98 
FCO (%) 0.49 - 
CaO (%) 63.2 42.80 1.88 
MgO (%) 1.3 5.00 2.67 
S03 (%) 3.0 0.10 - 
K20 0.96 0.85 0.35 
Na20 0.28 0.41 5.38 
H20 (-105-C) M 0.01 0.02 14.21*. 
1120 (+1050C) - - 5.72 
Free Lime (%) 0.9 0.12 
Colour Light grey Dove white Palo olive 
brown 
Specific surface I 
m2 kg-' 
Blaine 325 - 
Turbidimetric 200 275 
Nitrogen adsorption - - 74 SX103 
Density 
X10-3 kg M-3 
In paraffin 3.11 2.89 
In water 3.24 2.90 2.22 
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Figure 6.4. Particle size distribution of slurry 
contituents. 
6.3. APPARATUS AND TEST PROCEDURES 
6.3.1. Mixing, Curing and Prepa'rat*i*on' of Samples 
6.3.1.1. The Mixing of Bentonite/Cement Slurries. 
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Bentonite/ccment slurries were produced by mixing 
bentonite and cement suspensions of adequate water 
contents to obtain required compositions. 
The bentonite (Berkbent CE) was mixed with water 
using a 1/15 HP electric motor with a 50 mm diameter 
impeller at a speed of about 5500 rpm* (Figure 6.5 and 
6.6. ). The-ýentonite was added to about 4L of water at 
a rate of about SOg per minute to obtain a ý, 6% suspension*. * 
The total mixing time, including the initial 4-5 minutes 
during which the clay was added, was 20 minutes. This 
slurry was left to hydrate for 24 hours in a sealed 
container and was re-stirred for 20 minutes prior to 
mixing with the cement slurry. 
The cement slurry was prepared using the same 
mixer and impeller at full power (high shear or high 
turbulence mixing). Ordinary Portland cement was added 
to water at a rate of 200g per, minute to obtain a 
slurry with a water: cement ratio of O. S. The cement 
slurry was stirred for 2 minutes after the additionof 
the cement was completc,. and then left to stand for 1 
minute, after which it was. stirred for another 4 miý ' 
utes. 
The pause and the 4 minute secondary mixing was intro- 
duced to break any false set of the cement that might 
occur. 
The appropriate amount of cement slurry was then 
added to, the bentonite slurry to'produc-e about. 4.5t of 
bentonitc/cement slurry. -,, The addition was. completed in 
This speed corresponded to the full power of the mixer and varied 
depending on the, viscosity of the slurry. 
Each constituent was weighed correct to_0.1%'of its'weight. 
I 
13 () 
Figure 6.5 (a) The impeller for high shear mixing, and 
(b) The propeller. 
-), 
HP ill, 
Figure 6.6 The multispeed 
5800 r. p. m. ). (ii) 
1/10 reduction gear. 
mixer. M the motor (maxinumn spcu, f 
the speed control unit. (iii) the 
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10 minutes. This was carried out in a St beaker rotated 
at a speed of 75 rpm. The mixer with the 63 rim propqller* 
was set off the 
' 
centre in the beaker, thus providing a 
shear zone and ensuring circulation of material. For this 
stage of the mixing, the mixer was s et to about 
3 /4 of the 
full power and stirring was continued for about 20 minutes 
, at 
the end of which the initial stiffening had disappeared,. 
The slurry was then high shear mixed for 10 minutes using 
the impeller. The temperature of the bentonite/cement 
ýslurry at this stage would be 5-10*C higher than the room 
temperature. 
The above-mentioned operations took about 40-45 minutes 
from the first introduction of cement into water. " This 
procedure was adopted to obtain repeatable initial dis- 
persion as it had a significant effect on the slurry 
properties. Figure 6.7 shows the difference between the 
unconfined stress-strain behaviour of two samples with the 
same composition, one mixed mechanically all through 
(curve i)-as described in this section and the other (curve 
ii) mixed by hand to break the initial gel. (The initial 
gelation or stiffening of clay/cement slurries is explained 
in Section 5.1.1. ) It was observed that sample ii contained 
neat cement floccules of up to 2 mm diameter, whereas sample 
i was homogeneous* 
It should be noted that as shown in Figure 6.5. the propeller has 
a greater 
, 
pitch than the impeller which is used for h. igher shear 
mixing. 
"The beginning of mixing of the cement with water was taken as the 










Fig. 6.7. The effect of high shear mixing on the 
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28 days. 
Curve (i) Gel broken mechanically. 
(ii) Gel broken by hand. 
6.3.1.2. Prolonged Agitation of the Bentonite/Cement 
Slurries. 
. The prolonged agitation was carried out in the St 
beaker combine. d with a paddle rotating at about 50-75 rpm 
in the opposite direction to that, of, the beaker Figure 
6., 8 shows the'beaker and the paddle. The prolonged agitat- 
'ion set-up is shown in Figure 6.9. 
-The 
beaker was. weighed at appropriate intervals (at 
least hour before-taking the samples) and. water was..., 
added to-cOmpensate. for the loss by evaporation. 
131) 
Figure 6.8 The paddle and the plastics beaker used in long term 
agitation tests. 
Figure 6.9 (a) The long term agitation set up. 
(b) Close-up of the sealing arrangement for the beaker. 
( 
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6.3.1.3. Curing and Preparation of Samples. 
The samples for tests on fresh or fluid slurry were 
decanted from the mixer after mixing times of lt 2,30 6, 
9,12, '24,48, and 72 hours. The samples for mechanical 
testing were cast in cylindrical moulds ý8 mm diameter 
and 110 mm high. The moulds were capped with greased brass 
plugs and stored upright in a sealed box which contained 
some water.. They ivere extruded when sufficiently strong* 
and wrapped in about three layers of polythene cling film. 
Theywere then stored upright in sealed polythene bags 
placed in boxes which contained some water (Figure 6.10a). 
The boxes were covered with a few layers of polythene 
sheets. The laboratory temperature was 22±3"'C. 
Thesamples for mechanical testing were prepared using 
the implements shown in Figure 6.10b. Prior to mechanical 
testing 5, mm was cut from each end of the samples with the 
cutting wire or palette knife. The samples were finally 
trimmed using a straight edge. 
6.3.2. Apparatus and Procedures"'for'Tes'ting the Fresh 
Slurry, 
6.3.2.1. Bleeding Test. 
The subsidence of the surface of solids of a bleeding 
slurry was measured using a flqat (Figure 6.11) which was 
seated on the subsiding solids'surface., The movement of 
the float was followed by. using a, cathetometer and/or a 
displacement transducer. The'slurry was poured into the 
125mm, diameter container of the bleeding, apparatus and was 
trimmed with a straight edge to obtain a level surface. 
The surface was thcn flooded with a 10mmIayer'of water 
and the float was luwcrcd onto the solids surface. The 
first reading was taken 2 minutes after the slurry was 
placed. Figure 6.11 (ii) and 6.13 show the self-compensating 
The samples were demouldcd by extruding when they reached a shear 
strength of 5-10 kN. m- 2 as measured with the fall cone. The time 





Figure 6.10 (a) The curing of samples wrapped in polythene cling filr.. 






Figure 6.11 Floats used in bleeding tests. (i) is the ordinary float, 
(ii) is the self compensating float (see Figure 6.13 ) 
ligure 6.12 An earlier version of the bleeding test rig. The fr 
is fixed to the wall and the table can be levelled. The 












F igure 6.13. The dimensions of the self compensating float. 
float used in the bleeding rig for automaticýrecording. 
(Figure 6.14 and 6.15). The weight of the float had to 
be sufficiently high to sit firmly on the'solidssurface 
, and,, of course, not 
too high to sink or'consolidate the 
sample. The air volume in the body of the self-compensating 
float, was to compensate for the weight of the armature* of 
transducer (0.73g) and some part of the weight of the float 
(0.86g), in order to obtain asubmerged weight of about 
0.1g. **This was done to reduce to a, minimum the consoli- 
dating, stress on the sample. Figure'6.16 shows. a'diagram 
The transducer had a free armature and did not. incorporate a 
return spring. 1hus the force the armature exerted on the float 
was simply due to its own weight. 
This is about equal to the submerged weig , ht of the ordinary 
float shown in Figure 6.11 (i) 
I 1.44 




Figure 6.1.5. A close-up of the displacement transducer. The armature 
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Figure 6.16. The apparatus for the measurement 
of bleeding. 
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of the apparatus used for the measurement of bleeding. 
This apparatus was developed from an earlier version shown 
in Figure 6.12. 
The vertical movement of the float could be measured 
to an accuracy of O. Olmm with the displacement transducer 
which had a travel of 10mm (±Smm). The subsidence was 
measured using a cathetometer and an ordinary float (Fig. 
6.11(i) placed on the same sample. The cathetomcter and 
transducer readings were found to agree to within ±2%. 
The bleeding apparatus was placed on a horizontal 
shelf fixed to the wall in order to minimise the effect 
of vibration. 
6.3.2.2. Filtration Tests 
The filtration tests were carried out using a standard 
Baroid filter press (Figure 6.17). 
The sample was poured into the 76.2 mm diameter 
container-to within * 
5-10mm of the top. The pressure was 
raised to 68.9 kN. m- 2 in five seconds. The filtrate volume 
was measured correct to 0.5 ml. The test was continued up 
to 30-60 minutes. 
A pressure of 689. kN. m-' is used in standard testing 
of plain bentonite slurries. This was found to be too high 
for testing bentonite/cement slurries as, under this 
pressure, all free water was expelled from the slurry 
within about 5 minutes. 
6.3.2.3. pH Measurement. 
The pII of the filtrate from the filtration test was 
measured using a combined glass electrode and calomel 
reference electrode coupled to a pH meter calibýrated to 
0.01 pH units., 
Prior to pli measurement, the filtrate. from the 
filtration test was kept scaled to prevent contamination 
_from 
the atmospheric carbon dioxide. The test was 
performed as follows: 
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standard Baroid filter press. 
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Figure 6.18 Filter cakes at the end of 30 min. filtration under 
10 psi for the 12 hour agitated (left) and 24 hours agitated 
(right) slurries showing the decrease of cone penetration 
from top to bottom. 
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figure b. 20 The Rheomat-30 rheometer. Tlie control unit (i), Li. u twb 
suspended from the universal coupling. The Baroid 
Rheometer is seen on the right. 
Figure 6.19 The EIL 7050 pH meter and ion-activity meter. I 11C 
electrodes (left) and the control unit (right). 
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The electrode was first washed with the filtrate to 
be, tested and then inunersed into the filtrate. The, reading 
was taken after 2-3 minutes iýhen the meter stabilised. The 
, electrode was washed with 
deionized water and then kept in 
deionized water until the next test. 
The pH meter was calibrated against a buffer solution 
of pH 10.0'. The calibration of the instrument was checked 
prior to each test following the procedure described in the 
preceding paragraph, though, in fa 
' 
ct, it was found that the 
calibration varied by less than ±0.02 pH between tests. The 
pH meter had a temperature compensator; no temperature 
correction was applied to the values reported. 
6.3.2.4. Measurement of Flow Properties. 
, 
The -routine measurements of the flow properties during 
prolonged agitation were made using the standard Baroid 
Rhcometer (Figure 3.13). The Rheomat-30 viscometer was used 
as a parallel test instrument for some of the tests. 
Figure 6.20 shows the Rheomat-30 and the Baroid Rheometcr 
(see also Figure 3.13). A discussion of some character- 
istics of these two instruments is given in Appendix IV. S. 
The torques corresponding to given angular*velocities 
were recorded and shear stress-shear rate data were cal- 
culated from the manufacturers' calibration tables. Gel 
strengths -wcre-measured also using 
the shear vane V100 in 
the Rheomat-_30 (Figure 6.21a). In this work, only the 
Baroid Rheometer results are reported as the variation 
between the', three results (from Rheomat-30 with the 
standard bob and'the V100 vane and the Baroid Rheometer) 
was always less than 5% of the mean., The calibration of the 
V100 vane-was calculated-from its-dimensions and chocked 
against the Baroid Rheometer using a 5%, bentoni-te suspens- 
ion (24 hour hydrated) for 10'minutes gel strength. The 
theoretical and experimental calibrations were found to 
agree within ±4%. 
iso 
vvO, 
(a) (i) is the eight bladed vane for (b) 
measuring gel strength(V - 100cm3 
V100). 
(ii) and (iii) are the V10 and Vl 
vanes. (See Appendix V). 
(C) 
Figure 6.21 (a) The shear vanes. 
(b) Vane shear testing with the vane Vl. 
(c) Cone penetration testing with the 400& / 300 
Fall cone. 
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6.3.2.5. Measurement of the Unit Weight. 
Unit weight 
pycnometer of ab 
content V air was 
weight A and A r* 
Ar of the slurry was neasured using a 
out, 0.5k capacity. The nominal air 
calculated from the theoretical unit 
(See Appendix VII). 
6.3.3. Apparatus and Test Procedure fo'r Me'asuremeiit of 
Shear Strength of the Plastic Slurry. 
The shear strength was measured with the fall cone 
(the Norvegian fall cone) and'the shear vanes VIO and 
Vl, (Figure 6.21). 
,, The vanes were coupled to the Rheomat-30 and the 
shear strength was calculated from the peak torque. The 
maximum torque (qSX10-2 N. m) obtainable on the Rheomat-30 
and, the minimum size of the vane (VI) set the maximum 
measureable shear strength as 50 kN. m- 2. (See Appendix V 
for the design and discussion of the shear vanes. ) The 
vanes were pushed into the cylindrical sample in the 
mould by raising it with a small screw jack. The fine 
adjustment of the depth of insertion was made with an 
adjustment screw on the Rheomat-30. The vanc. VlAias 
rotated at speed setting 7 of the Rheomat-30 (0.300 rpm) 
and the vane Vld was rotated at a reduced speed setting, 
so that in each case the peripheral speed was about 0.13 
mm. s-'. (See Figure. 6-40c for the effect of speed on the 
vane shear strength. ) 
The shear strengths, from the fall cone penetration 
values, were taken from the calibration charts supplied 
by the manufacturers. The undrained shear strength was 
estimated correct to two significant figures and the 
maximum . value that could be measured was lu240 kN m-2. 
However, at sheat strengths higher than 150, kN. M-2 the 
results may not be reliable due to the tilting of the fall 
cone which limits the accuracy of the readings. 
The shear strength ranges'that the fall cones and,, 
the. shear vanes cover are shown in Table 3.1. (ýee, also 
Section 3.3.2) 
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Compression tests were also carried out on plastic 
, slurry, samples. 
The compression testing procedure will be 
described in Section 6.3.4. 




6.3.4.1. Measurement of the Shear Strength. 
., The undrained shear strength of the set slurry was 
measured using the, fall cone (Figure 6.21c). Shear strengths 
were'also calculated from the confined compression test 
results. (See Section 6.3.4.3). 
6.3.4.2. Unconfined, Compression Testing 
_The unconfined compression tests were carried out 
on 38mm diameter and 100mm high specimens using the 
INSTRON 1195 testing machine and 5 kN capacity load-cell 
(Figure 6.22). The platens of the machine were not ball 
seated. The samples with strengths greater than 0.5 MN. m 
strength were capped using an epoxy based quick setting 
resin. A transparent plastic sleeve was used to prevent 
the drying of samples during the test. 
The samples were tested at a speed of 0.5 mm. min-1, 
The stress (load) was recorded against strain. The strain 
was taken equal to the drive of the machine. The moduli 
of elasticity of the samples were calculated from the 
slope Em of the initial part of these stress-strain curves 
between 1/S and 2/3 of the peak stress. Th%- displacements 
of the machine at lkN and 2kN load were about O. OS and 
, 0.1 mm respectively. The actual strain of the sample was, 
therefore, less than the recorded value. Corrections for 
the displacement of the machine were applied to the 
moduli of elasticity. (See Section 6.4.4) 
The strain intercept of the straight line to repre- 
sent the approximately linear part of the stress-strain 
-curve was regarded as the origin of. strain. The stiess- 
I S. -) 
Figure 6.22. The unconfined testing of samples. 
1S4 
strain curves reported do not include corrections for 
machine displacement. 
6.3.4.3. Confined Compression Testing. 
The confined undrained compression tests were carried 
out using the INSTRON 1195 testing machine (Figure 6.23). 
The samples were prepared as described in Section 6.3-. 3. 
and tested at a speed of 0.5 mm. min-1. The top cap was 
rigidly connected to the plunger. Stress wa s recorded 
against the drive of the machine. 
A triaxial cell base with a combined load and pore 
pressure transducer pedestal* was developed. This-trans- 
ducer measured the load directly; the effect of, plunger 
friction on the measured load was, thus reduced to zero* 
, 
The pore pressure transducer on the pedestal reduced the 
system flexibility and time lag to a minimum and made it 
possible to measure small variations in pore pressure. 
Figure 6.24- shows the components and dimensions of the 
transduce 
' 
r. Figure 6.2S shows the transducer gauged and 
mounted on the triaxial cell base. 
6.3.4.4. ýSplit Tension Testing 
The-split tension tests** were, carried out'on 38mm 
diameter and 100mm'long specimens using-the, split tension 
testing. rig shown in, Figure 6.26 and 6.27.,, The. 'back. and 
front guides made. possible the accurate po sitioning of 
the 38mm. diameter 100mm long samples., The tests'lwere done 
'in the INSTRON-1195 at-a speed of 0.2 mm. min- land load 
was recorded against displacement. The splitting tensile 
strengtý was calculated from the peak load. (See Section 
6.4.4.3. ) 
7be outline for a combined pedestal load-pore pressure transducer 
was suggested by Dr. R. A. Bassett of King's College, London. The 
Writer gratefully'acknowledges his advice on various aspects of the 
development of the transducer. 





Figure 6.23 (a) The triaxial testing assembly of the INSTRON 1195 
testing machine. (b) The triaxial cell. (c) Close-up 
of the sample failed under undrained triaxial conditions 
showing the crack pattern. 
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Figure 6.24. Dimensions of the combined pedestal load- 
pore pressure transducer. The transducer 





Figure 6.25. (a) and (b), the combined pore pressure-load transducer, 
(c) the transducer mounted on the triaxial cell base. The 
keys on the left were used for tightening the cell into 
















Base plate as 
EXPLODED VIEW 
Figure 6.26. Dimensions and exploded view of the 
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(a) 
Figure 6.27 (a) The split-tension testing rig and, (b) 4BB 150C OOS 
sample tested for tensile strength at 90 days. 
(The diameter of the sample is 38mm and length 100mm. 
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6.3.4.5. Durability Tests 
Tests were carried out on cylindrical specimens to 
obtain a qualitative idea of the durability of the set 
slurry. Cylindrical samples were cured in 
, 
direct contact 
with a volume of water open to atmosphere from 28 days 
onwards and the thickness of the weak outer layer which 
tended to develop was measured after 91 days and taken as 
a criterion for durability. 
4 
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6.4. TEST RESULTS 
6.4.1. The Composition of Slurries 
The approximate nominal composition of Im' of 
bentonite/cement slurry was as follows: 
45ka Berkbent C. E. (by dry weight at 110*C) 
150kg cement 
939kg water 
In the slurries as mixed, the water: cement ratio varied 
between 6.22-6.23 and the bentonite: cement ratio was 
0.301-0.302. * The theoretical unit weight was 1129-1134 
kg. m-'. Thd composition of mixes produced are given in 
Table 6.2. Slurries were named after the percentage of 
Cemsave in the cement. For example, the mix 60S is made 
with a cement containing 60% slag and 40% ordinary 
Portland cement. 
6.4.2. Results of Tests on Fresh Slurry 
6.4.2.1. Bleeding Test Results 
Figure 6.28 shows typical bleeding curves for 
mixes OOS, 20S and 40S. The mixes 60S, 70St 80S and 9SS 
had bleeding capacities less than 0.1 mm after 1 hour 
agitation and swelling was recorded at 3 hours. Though 
this could be due in part, to thermal contraction of the 
testing rig. The temperature of the slurry and the 
container generally decreased about 4-5*C in six hours. 
In general, prolonged agitation caused decrease in 
bleeding rate and capacity possibly due to increased gel 
strength and effective specific surface. Bleeding, rate 
and capacity decreased with increasing Cemsave content of 
the cement. Figure 6.29 shows that the bleeding 
capacity of the mix 20S is about 1/3 of the OOS. This 
decrease-is probably due to lower density of the solids 
as''Cemsave has a lower density than cement and also due 
t'o'. 'th c decreased reactivity of cement which allowed the 
bentonite to retain its colloidal stability. Additionally, 
Cemsa've has a rather higher specific surface area than 
the cement. 
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Fig. 6.28. The effect of prolonged agitation on the 
bleeding-time curve of the mix OOS. Curve (i) belongs to 
, 
lhr. agitated slurry and curve (ii) to 3hr. agitated. 
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Fig*. 6.29. The effect of blasfurnace slag . (Cemsave) 
on1bleeding characteristics. 
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6.4.2.2. Filtration Test Results 
The filtrate volume-yft-ime relations given in Figure 
6.30 show that there is a good straight line fit between 
v- VT. 
Figure 6.31. shows the effect of prolonged agitation 
on 30 minute filtrate volume. The 30 minute filtrate 
volume generally increases with prolonged agitation 
between 3 to 9 hours. The slight decrease at 12 to 24 
hours may be partly due to an increase in the viscosity 
of water with decreasing temperature. 
The perincabilities of the cakes were estimated to be 
between 10! -7 - 10-8 m. s-1 using the ideal filtration 
equation given in Appendix III. The porosities were 
calculated from the weight loss of filter cake at 110*C 
on drying for 24 hours. The transition from the cake 
to the slurry zone, was gradual especially at later stages 
of prolonged agitation. The following procedure was 
adopted to distinguish the various zones within the cake. 
The cake was removed from the cell and turned upsidedown 
on a glass plate. The material that was squeezed/flowed 
out was regarded as free slurry. A Smm wide slice was then 
cut from the remaining cake along a diameter. This was 
then bent through 180' and the zone that exhibited cracks 
was regarded as the. cake. The zone that showed no sign 
of cracking was called the transition zone. The thickness 
of this zone (and also the cake) increased with prolonged 
agitation, as illustrated in Figure 6.32. 
The permeability of the cake increased with 
increasing 30-minute filtrate volume (Figure 6.30), as 
_would 
be expected. Formation of thick transition zones 
made it difficult to distinguish any cake zone at later 
stages of prolonged agitation. For example, the mix OOS 
showed complete dehydration at the end of a 30-minute 
test after 24 hour prolonged agitation. It was observed that 
the cake split into two along a diameter and a conical 
slip plane formed around the periphery. Thus only the 
filtrate volumes rather than the pormeabilities 
calculated from 30-minute filtration tests can be 
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Fig. 6.32. A sketch illustrating the zones in a filter 
press after 30-minute fittration under a pressure of 
68.9 kN M 2. 
Figure 6.33. shows the effect of Cemsave content 
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Fig. 6.33. Theeffect of-Cemsave content on 30-minute 
filtrate volume under-6.9, kN. m-lpressure. 
6.4.2.3. The pH of Slurry Filtrate 
Figure 6.34. shows the pH values of slurry filtrate. 
The 1-hour pH values ranged, from 11.70 to 12.95 units. 
After 72 hours agitation, the p1l ranged from 12 to 13, 
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Fig. 6.34. The p1l values of slurry filtrate. 
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. 
The pH-time curves of the mixes 40S and 80S show 
a deviation from the other four; they have lower p1l values 
at early stages though after 24 hours the pH values are in 
the order of increasing I ordinary Portland-cement(o. p. c. ) 
content. The pH values of the mixes OOS and 95S cha nged 
very little probably indicating the dominance of o. p. c. 
and b. f. s. respectively. In general, the change in pH 
takes place between 3 to 12 hours and the pH seems to 
stabilize after 24 hours,, possibly indicating a decrease 
in the reaction rate of cement. 
6.4.2.4. Flow Properties 
Figure 6.28 shows the change of 10 second and 10 
minute gel strengths. The increase in gel strengths at 
3-6 hours agitation becomes less pronounce&in the 
higher slag content mixes. The gel strengths at 1 hour 
vary between 8 and 12 N M-2 and the 10 minute gel 
strengths are generally greatpr than the 10 second gel 
;. strengths., This trend is, usually reversed between 3 to 12 
172 
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Fig. 6.35. The 10 sec. and 10 min. gel strengths. 
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hours agitation and resumed at 24 hours and retained up 
to 72 hours. The 3 to 12 hours period is probably the 
time when the rate of cement hydration or cement 
reactivity is at its maximum. 
Figure 6.36 shows the change with time in plastic 
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Fig. 6.36. Plastic viscosities of the mixes. 
The 1 hr plastic viscosities are about 
8'13xl 0-3 N. s. M-2 except the mix 40S which has a plastic 
viscosity of 2 OX10-3 N. s M-2 . The viscosities of the 
mixes containing up to 40% Cemsave (slag) show a 
significant increase at about 3 to 6 hours whilst the 
mixes 60S, SOS and 95S show a gradual increase reaching 
generally lower values than the other mixes at 72 hours. ' 
Figure 6.37 shows the trend of torque-angular 
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The speeds lower than 16.2 r. p. m. (Speed 20) probably 
correspond to partial mobilisation of the slurry and this 
part of the curve does not represent the behaviour of the 
material but rather-that of the slurry-rheom-ýeter system. 
It was also observed that the bob precesses, at about this 
speed and the readings were not stable on the curve obtained 
by increasing the speed though the system appeared to be 
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6.4.2.5. Summary of, the Test Results on Fresh Slurry 
The slurries show work softening or thixotropy up to 
3 to 6 hours prolonged agitation (Figure 6.35) except 95S 
for which the 10-minute gel strength is always greater 
than the 10-second gel strength up to 72 hours prolonged 
agitation. Gel strength, viscosity, filter loss and pH 
value increase with prolonged agitation and bleeding rate 
and capacity decrease though bleeding goes on for a longer 
period. 
6.4.3. Shear Strength Development 
Figure 6.38 shows the shear strength development of 
the mixes as measured using the fall cone. 
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Fig. 6.38. Shear strength of the mixes. 
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The mixes containing increasing amounts of b. f. s. 
have higher shear strengths. Figure 6.38 shows that the 
shear strength of the mix 20S is about three. times that 
of OOS. Another significant increase in shear strength 
occurs from 60S to 80S. * Figure 6.39. shows the effect of 
b. f. s. on 3 day shear strengths. - 
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Fig. 6.39. The effect of Cemsave content ol: cement on 
3-day shear strength measured by fall cone test. 
The sharp increase in! strength when the M. S. (Cemsave) 
content increases from 60% to 80% suggests a significant 
increase in the cementing action of the mixes. 
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Fig. 6.40 shows shear stress-angle of r6tation 
(T,; ý) curves obtained using the vane VI. The fall cone 
shear strengths TUC were within' . ±S% of the vane shear 
strength T uv 
determined at up to 0.300 rpm (0.13mm. s-1 
peripheral) speed (Figure 6.40a). The agreement was not 
so good for shear strengths greater than about 0.04 MN M"2; 
the vane values were much lower than cone values. Cracks 
were observed when the vane. was inserted*in the-sampie.. 
Vane shear strengths decreased with increasing speed 
(Figure 6.40'Cl). Figure 6.40b, shows the effect of speed 
on vane shear strength measured on the same slurry. The 
curve (iii) in Figure 6.40b obtained at a speed of 30.0 
rpm probably reflects also the damping of the electrical 
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Fig. 6.40. The shear stress-angle of rotation'curves 
obtained using the vane Vl. 
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6.4.4. Test Results on the Set and Hardencd Slurry 
6.4.4.1. Unconfined Undrained Compression Test Results 
Figure 6.42 shows that the unconfined compressive 
strengths of low blastfurnace slag (b. f. s. ) content 
slurries are more affected by prolonged agitation than that 
Of the high b. f. s'. content ones. The ratio of the 28-day 
strength of the 24-hour agitated slurry to that of the 
6-hour agi-tated one is about 0.5 for OOS and 0.8 for 95S. 
Table 6.3 summarizes the effect of agitation time on 
the mechanical properties. Figure 6.41 illustrates the 
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Fig. 6.41. The effect of prolonged agitation on 7-day 
stress-strain behaviour of OOS. 
180 
Table 6.3. The effect of prolonged agitation on 7-day 
mechanical properties. 
Mix No. Agitation Strength Strain at Modulus of 
time -101 
-2 
peak stress elasticity 
hr MN. M % MN M2 
1 24.4 1.2 5.4 
00S 3 21.8 1.4 5.4 
6 16.0 1.5.8 
24 5.0 3.4.5 
1 55.0 1.25 27. 
27.5 
20S 6 47.0 1.14 11.5 
11.6 
24 16.5 3. 3.7 
1 76.0 2.5 19.8 
60S 20.1 
6 82.0 0.84 39.0 
40 
24 65.0 0.65 25.5 
26.0 
1 390. 1.6 77. 
83.6 
80S 6 300. 0.64 60. 
62.9 
24 . 423. 1.8 104. 
115 
6 496 0.97 103 
95S 115 
24 475 1.3 82 
89.7 
Figures in i talics are moduli 'of elasticity corrected, 
for the mach ine stiffness. 
"All results reported in this table wereýdetermined-by 
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Fig., 6.42. The unconfined compressive strengths of 
bcntonite/cement samples. (Tcst&d at a nominal strSin 




The strength-time curves of 20S, 40S and 60S are 
distinctly higher than those of OOS. 80S and 95S have 
still higher strengths. Figure 6.43 illustrates the effect 
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Fig. 6.43. The effect of blastfurnace slag content of 
cement on the unconfined compressive strength. (The , strengths were determined on 6 hour agitated samples. ) 
The 0.5% nominal strain rate was used throughout 
the tests. Figure 6 44 shows the effect of strain rate on 
unconfined stress-strain behaviour. The samples with 
strengths gr6at, er than O'. 
_05MN 










OOS Cos t of ter 6 hr cgitatIoN 
Rate of strain 
I 0.5% MK 
5.0% 
io is 20 25 30 
STRA]NxlO3 
Fig. 6.44. The effect of strain rate on 28-day stress- 
strain behaviour of OOS. (Under unconfined compression). 
cracks at failure. Figures 6.45 and 6.46 show stress-strain 
curves and mode of failure of 20S and 80S samples tested 
at 90 days. The development of vertical cracks suggests 
that high pore pressures developed at the strain rate 
used. The expulsion of water to the surface of the 
samples (Figure 6.47) under compression indicates a 
decrease of volume, that is non-plastic behaviour. Only 
the OOS samples developed shear planes at failure 
(Figure 6.49) and no expelled water was observed under 
compression. 
Stress-strain curves had an initial "picking up" 
portion in the load 
, 
range 0 to 0.040 kN (corresponding to 
a stress of 0.035 MN M-2 ) and the curves can be regarded 
as linear from 1/5 up to 1/2 - 2/3 of the peak stresses 
(the proportionality limit). The strain intercept of this 
linear part was regarded as the origin. The sample. S with 
strengths greater than about i MN M-2 generally showed 








Figure 6.45 Unconfined compression testing of a 4BB 150C 20S sample 
at 90 days, 0.5% per minute strain rate. 
(1) 
10 20 25 20 
185 












Figure 6.46 Unconfined compression testing of a 4BB 150C 80S sample 
at 90 days, 0.5% per minute strain rate. 
(1) 
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Figure 6 . 47 Close-up of 90 day old samples 
just before peak stress 
showing the water expelled at the surface. The samples 
were tested at a rate of 0.5% per minute. 
(Diameter of samples 38mm, height 100mm). 
-11 4BB 150C 8US 
187 
K. - ý äýK, 
4199150 c QOS 
4 
Figure 6.48 Samples after compressive testing at 28 days under 
confining pressures equal to their unconfined 
compressive strength. 
34567 Fl 9 V- 11 
Figure 6.49 Samples after unconfined compressive testing at 
28 days. 4BB 150C 80S above, 4BB 150C OOS below. 
significant reduction in modulus of elasticity was 
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Fig. 6.50. The effcct of strain on the modulus of 
clasticity. 
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The moduli of elasticity of 6-hour agitated samples 
at 28 days ranged from about 17 MN. m- 2 for OOS to 450 MN M-2 
ratio for 95S, and the (modulus of clasticity): (peak stress)rwas 
450 for OOS and 350 for 95S. Some characteristics of the' 
stress-strain curves are given in Table 6.4. The moduli 
of elasticity were calculated from the slope of the 
linear part stress-strain curves and were corrected for 




E is the modulus of elasticity, MN. M-2. 
EM is the slope of the stress strain curve, MN. m- 2 









"0 cd ol 
ý-4 1 fý 
Cc 00 WU 
rcý C13 0 C4 
tn cd 
4-) 
0 C4 4-1 u 
0 
4-3 Cd 
(1) lid 4J 
clj cd cd Q,. M. 
00 rd fý 
t. F. 4 Iw0. 
Of 





10 P: u 
0 
4. ) (U 
Cd r::; 
4-3 -r4 H :3 rl 4J 
0 
Cd 
r-i 00 c3 00 Z r-i k(3 V) t". 
cla -e ttz Mt vi r-i 913 00 tlz Ln 
F--4 r-1 rn txz Ln Co 
Ln 
t- Lr) 
00 r-4 00 CD 
«e CD %0 00 Ln Ln 
rq rq 
ý Ln Co r tý 4 rei H cýJ 00 mi CD t43 rn t4> 00 C), 4 1 r, 3 4N1 
C 
00 CD (D 
rei le 00 C: ) 00 C r-i r-A rn 8 Co 
00 Co "4 
r-1 r. 4 le 1141 rn Nil rn to ým eo 
r-i 00 
CD 
%0 \o %0 %0 F-f %0 
cn 
CD cn U) (D 0 CD C: ) C: ) 0 




%D Eý. -H M 
t-- clý gM 
tt 
to LH 
Ln P: 44 








tn tn 0 
0 tH 
+j 









Cd r-4 0 
ý: 
ýQ 0 Cd 
r-4 > 
U r. 4 
4-A Cd 
Iri, Cd > 
0" 
.0 cd 0 
r-4 r4 19 










tn >% cl r4 
Cd 0 
rd IA 
tn 4) IT a 
H :j 
r-4 
4J cd -ri 
C13 :; No ;4 
. T: j 00 








cr is the stress which was chosen as la max I 
MN. in 
6M is the displacement of the machine corresponding to 
a., mm. (See Appendix YI, Figure VI. 2). 
Z is the length of the sample, mm. (I = 100mm) 
The 
' 
correction factor, K= E/E m was about 
1.01-1.02 
for the 28-day OOS samples and was as high as 1.5 for the 
91-day 80S and 95S samples. - 
To sum up, the unconfined test results show that the 
higher the'blastfurnace slag content of the cement the 
higher the unconfined strength and the more non-plastic 
or brittle is the material. The increase in the b. f. s. 
content from 60% to 80% causes a significant increase in 
peak stress (strength)and modulus of elasticity. Prolonged 
agitation beyond 3 to 6 hours causes decrease in strength; 
this effect decreas. es with increasing b. f. s. content. In 
general, the lower the peak stress the more plastic is the 
material, that is the higher the strain at peak stress and 
the closer to unity the ratio of residual stress to peak 
stress. - 
6.4.4.2. Confined Undrained Compression Test Results. 
Figure 6.51 shows the effect of confining-pressure 
on the undrained stress-strain behaviour of set slurry. 
The increase in the deviatoric peak stress is insignificant' 
thus suggesting plastic behaviour. The residual stresses 
increased with increasing confining pressure. However, it 
was observed that OOS to 60S samples failed along shear 
planes under the applied confining pressures and strain 
rate, and the strain at peak stress increased whereas 70S 
to 95S samples developed vertical cracks (Fig. 6.48) and 
the increase in strain at peak stress was small. Figure. 
6.52 shows the 91-day confined undrained stress-strain 
curve of a 70S sample. There is a drop in pore pressure 
parallel to the drop in stress. This marks the formation 
of cracks and a dilatant behaviour. A comparison of the 
stress-strain curves obtained on two 70S samples at 0.05% 
per minute strain rates (Figure 6.52 a and b) shows that 
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Fig. 6.51. The effect of confining pressure on undrained. 
stress-strain behaviour at 91 days. (Nominal strain rate 
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(b) OOS, 20S and 70S tested at O. S% strain, rate. (Undrained). 
Fig. 6.52. Strcss-strain behaviour and pore pressure of 
samples tested under 500 kN M2 confining pressure at 6 
months. (Cast after 1 hr. mixipg. ) 
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residual stress. 
7 kN. m-' for the 
strain for the s 
with the 80S and 
A small increase 
sample tested at 
The drop in pore pressure is about 
first sample and about 25 kN. m-' at 3% 
econd one. Similar trends were observed 
95S samples as would be expected (Table 6.4 
is observed in the pore pressure of 20S 
0.5% per minute. 
Table 6.4. Mechanical properties of 80S tested at 91 days. 
(Undrained). 
Confining a c at a at 
pressure max a c=3% max 
kN M-2 MN M-2 % MN. m2 MN M-2 
0 1.10 0.30 460 0.37 
Soo 1.30 0.36 420 0.85 
Soo, 1.18 0.31 426 1.03 
6.4.4.3. Split Tension Test Results 
The splitting tensile strengths te of the slurries 
at 91-days are given in Table 6.5. 
The te values were calculated from the splitting 
load P according to equation 
t 2P 
e 7TU 
where d is the diameter and k is the length of the sample. 
This equation is applicable to linear elastic materials and 
for the mode of failure in which the deformations are 
infinitely small and the sample splits along the diameter 
on which the load is acting. For modes of failure other 
than this, the stress distributions at failure deviate 
from that obtained from theory of linear elasticity and 
other methods should be perhaps employed to find the 
stress distribution and splitting tensile strength. 
(See, for example, Chen,, IV-F, 1975). 
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Table 6.5. The 91-day splitting tensile strength of 
slurries (6 hr. agitated). 
Mix Splitting Unconfined Shear t 











MN. m- 2 MN. m- 2 MN. m, -2 
oos 0.011 0.048 0.049 0.23 1.02 
20S 0.031 0.204 O. Iso 0.1s 0.73S 
40S 0.047 0.260 0.185 0.18 0.71 
60S 0.069 0.388 0.240 0.18 0.62 
70S* 0.0903 0.750 - 0.12 - 
BOS 0.095 0.96 0.10 
95S 0.160 1.50 0.11 
* Cast after 1 hr.. mixing. 
(Figures marked were not available) 
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Fig. 6.53. Load-deformation curves and crack formation 
in splitting tensile tests. 
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The ratio of 91-day splitting tensile strength to 
unconfined compressive strength, t e/crmax , ranges 
from 0.23 
for OOS to 0.11 for 95S. It is interesting to note that 
these values are comparable with that of concrete; 0.21 
for weak mixes and 0.11 for high strength concrete. 
The speed of loading will affect the peak load and 
the mode of failure. 
6.4.5. Durability Test Results 
It was observed that the OOS and 20S cylindrical 
samples kept under water from 28 days to 91 days developed 
weak outer layers of about 10 and 7 mm. thick respectively 
overlain by about 2 mm. hard crust on the surface. The 
40S and 60S samples developed only hard surface crusts of 
less than 1 mm. thick; no significant softening was 
detected. The 80S and 95S showed almost no crust formation. 
The plain bentonite/ordinary Portland cement slurry 
had a greyish yellow colour. The samples made with 
cements containing increasing proportions of blastfurnace 
slag assumed increasingly darker greenish blue colour 
when set. The outer layers of samples containing b. f. s. ' 
had also turned yellow at the end of the durability 
test, though the dark blue colour remained in about a 
10mm. diameter core in 80S and 95S samples.. 
6.5. A SUMMARY OF THE TEST RESULTS 
Replacement of, 20 to 60% of ordinary Portland cement 
by ground blastfurnace slag retarded the increase in gel 
strength and plastic viscosity up to 24 hours. It also 
reduced the bleeding and the filter loss, and increased 
the rate of mechpnical strength development. The 70S, 80S 
and 95S showed distinctly higher mechanical strengths. They 
exhibited non-plastic, dilatant behaviour under confining 
pressures of up to about 700 kN. m-' and at 0.05-0.5% per 
minute strain rates. The 91-day unconfined compressive 
strengths ranged from \, 0.05 NIN. m-' for OOS to n, 1.50 MN-M 
for 95S. It is also interesting to note that the p1l 
values of the mixes after 72 hours agitation decrease from 
about 13 units to 12 units in the order of incredsing 
strength (or blastfurnace slag content). . 
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CHAPTER '7 
GENERAL DISCUSSION AND CONCLUSIONS 
7.1. DISCUSSION 
7.1.1. General Summary 
Clay/cement slurries are used as stabilizing fluids 
and backfil materials in slurry trench cut-off wall 
construction. Successful application of the recently 
developed methods requires sufficiently accurate control 
of slurry properties (Section 2.3. and Chapter 3). For 
the design of a properly functioning slurry a knowledge 
of the properties of constituents as well as the 
behaviour of the final product is necessary (Chapters 
4 and 5). The flow properties and short-term stability 
of the material are related to the reactivity of cement- 
itious constituent. The long-term strength, impermeabil- 
ity and durability are closely related to the amount of 
cementation and the stability of cemented solid structure. 
Cements with higher blastfurnace slag contents 
generally gave stronger and more durable bentonite/cement' 
slurries. The pure blastfurnace slag showed almost no 
tendency to set when mixed with water or bentonite slurry. 
However, it did show cementing activity in the presence 
of ordinary Portland cement. Taking the strength as a 
criterion for cementing activity of the cement (o. p. c. + 
b. f. s. ), the activity increased with decreasing o. p. c. 
content. The cementing activity of the mix 95S in which 
a cement containing 95% b. f. s. and S! of o. p. c., is 
about 10 to 15 times that of the mix OOS, the'bentonite/ 
pure o. p. c. slurry. Although the rate of initial hyd- 
ration reactions was higher when pure o. p. c. was used, as 
the rapid coagulation and the rise in temperature would 
suggest, this did not lead to higher strengths. Thus, 
higher, chemical reactivity did not induce higher cement- 
ing activity. 
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It has been found that the b. f. s. (Cemsave) used 
in this work did not produce any increase in strength 
when used for paý: tial replacement of o. p. c. in concretes 
with water: cement ratios of 0.5 - 0.6. (See, for example, 
Neville and Brooks, 1975, see also Neville, 1977, p. 69). 
Indeed most blastfurnace slag cements yield lower ult- 
imate strengths than the pure cements on which they are 
based. This suggests that the very high cementing 
activity (or latent hydraulicity) of Cemsave in the 
bentonite/cement slurries produced in this work cannot 
be attributed to the activating effect of the ordinary 
Portland cement alone. 
7.1.2. Possible Modes of Particle Association in Relation 
to the Slurry Behaviour 
The hydration reactions leading to hardening in 
cementitious slurries are mainly surface reactions (See 
Section 4.3.2 and 5.1.2) . Mode of particle asýociation and 
degree of dispersion greatly affect these reactions. 
When cement slurry is mixed with bentonite slurry, 
the negative bentonite particles are strongly attracted 
by the positively charged cement particles and a very 
rapid mutual coagulation takes place. The adsorbed 
bentonite flakes are probably orientated parallel to the 
surface of the cement particles. As the mixing goes on, 
individual cement grains and cement floccules are 
covered by layers of bentonite flakes. (See Figure 7.1a). 
This clay layer enshrouding the cementitious units 
(cement particles and. floccules of cement particles) is 
firmly held and may be further compressed by the flow of 
water into the unhydrated zones within the cement 
particles. The higher the initial activity of the cement 
the more bcntonite particles are adsorbed and also the 
more strongly these are hold. In the course of hyd- 
ration, the cementitious units expand in volume and the 
impermeable bentonite/cement hydrate layer is stretched 
and cracked in places, allowing for further intaý; of 
water and consequent hydration and possibly adsorption 
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(a) Bentonite/o. p. c. 






(b) Bentonite/b. f. s. 
b=b. t. s, 
)f. s. 
)re 
O. P. C. 
(d) The porous b. f. s. layer (e) O. p. c. /b. f. s. /bentonite 
on the surface of o. p. c. ' 
particles 
Figure 7.1. Possible modes of particle association 
water 
+ bits, ý- 0, P. C. 
(c) O. p. c. /b. f. s. 
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of more bentonite. The long-term cementing activity is 
strongly restricted to the close vicinity of the cement- 
itious units. Tbq permeability of the surrounding 
bentonite layer and slurry is too low to permit diffus- 
ion of cementitious compounds into the suspension. The 
mechanical strength of the slurry probably depends 
greatly on the amount of cementitious material that can 
pass into solution during the early stages of hydration- 
when'the cement is more active. At later stages of 
hydration the silica and alumina of the cement are 
attacked by lime before they diffuse into the bentonite. 
suspension surrounding the cementitious units. If the 
structure formed by the initially dissolvedcementitious 
constituents is broken by some means such as prolonged 
agitation, the strength is greatly reduced. (See Section 
6.4.3 and 6.4.4). Further strength development has to 
come as a result of the long-term activity of cement, 
which is hindered by the adsorbed bentonite and cement 
hydrate layers. 
It appears from thq above explanation that the 
higher the initial reactivity of the cement the more 
bentonite is adsorbed from the solution and the mix 
should have lower viscosity* and-gel strength and also 
lower mechanical strength when set. 
When some of the ordinary Portland cement (o. p. c. ) 
-is replaced by blastfurnace slag (b. f. s. ), the initial 
reactivity of the cement diminishes. The negatively 
charged b. f. s. particles are adsorbed by the o. p. c. 
particles in the cement slurry thus forming a negative 
or relatively less electro-positive layer (Figure 7.1c) 
The bentonite flakes aýre less strongly attracted by the 
b. f. s. and probably orientate themselves edgeways (or 
perpendicular)to the surface of the b. f. s. particles 
and form a less dense and more permeable layer than 
when they are parallel to the surface. When there is 
sufficient b. f. s. to cover the surface of cement 
i 
*The electrolytes from the cement also tend to increase the 
viscosity. Thus gel stren 
. 
gth and viscosity does not decrease to 
very low values. 
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particles, very little bentonite is adsorbed by the 
o. p. c. The adsorbed b. f. s. particles form a porous layer 
protecting the o., p. c. and also the bentonite and 
allowing the o. p. c. to diffuse into the solution at a 
sufficiently low rate such that the process is not 
hindered by the formation of an impermeable hydrate 
laye. r or the adsorption of bentonite. Figure 7.1d shows 
a possible mode of particle association when there is 
more than sufficient b. f. s. to cover the o. p. c. particles 
or floccules. This particle association may lead to a 
higher stability against bleeding. It should also allow. 
more free bentonite particles to form a less permeable 
filter cake in a filtration test. The gel strength 
would be expected to be high, as more of the bentonite 
remains in suspension, but because of the low electrolyte 
concentration at the early stages of mixing or prolonged 
agitation the suspension may not be flocculated, as it 
would be with a pure o. p. c mix. 
The porous surface layers (of b. f. s. around the 
o. p. c. particles and bentonite around the b. f. s. ) thus 
formed allow for the long-term cementing activity to take 
place by solvation and transportion of cemcntitious 
materials from the o. p. c. and the b. f. s. The pH is 
probably higher around the o. p. c. particles and lower 
around the b. f. s. and still lower around the bcntonite 
particles. The silica and alumina dissolve in the high 
pH zones and tend to condense in low pif areas, that is 
the bentonite particles. This process should continue 
as long as the surface layers are permeable and there is 
a concentration gradient between the active cementitious 
units and the condensaiion or precipitation sites. .- 
In the bentonite/pure o. p. c. slurry, the equili- 
brium pH is about 13, which is probably too high for any 
silica or alumina to condense on the edges of the 
bentonite particles or to polymerize. The lime concent- 
ration is high and the cementation is probably mainly 
due to formation of stable calcium silicate hydrate and 
calcium aluminate hydrate complexes. 
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In the bentonite/o. p. c. + b. f. s. slurries with high 
b. f. s. contents the equilibrium pH is about 12. The 
silica and alumina are perhaps able to pass into the 
solution and travel through the porous structure and 
interact with the bentonite particles where the pH is 
sufficiently low for the alumino siloxane bonds to 
form. The silica and alumina may also condense on the 
positively charged edges of bentonite particles. The 
alkalinity is sufficiently high to dissolve active 
silica and alumina from the b. f. s. particles and also 
to activate the bentohite and yet low enough for the 
condensation reactions to take place. (See Section 
4.2.3.4 and 5.4. ) The chemical and crystallographical 
affinity between the alumina and silica and the bentonite 
may favour also epitactic reactions. (See Section 5.4) 
To summarise, there is a difference between the 
mechanisms involved in the cementation or hardening of 
the bentonite/o. p. c. (OOS) and the high b. f. s. content 
bentonite/o. p. c. + b. f. s. slurries (for example, the mix 
80S in this work). The difference. is probably that in 
the OOS the cementation reactions are based on formation 
of complexes with lime or Ca 2+ and in the latter, they 
are based on condensation or polymerization of silica 
and'alumina. In the former, the high lime concentration 
and the adsorbed impermeable bentonite layer does not 
allow-the dissolved silica and alumina to diffuse far 
into the bentonite suspension and the reactions take 
place around the cementitious units. In the high b. f. s. 
slurry, the lime concentration is low and the alumina 
and silica can diffuse freely into the suspension. The 
formation of an impermeable structure may reduce the 
through-solution diffusion rate, though the process may 
continue by solid state reactions. Such reactions are 
limited by the mobility of the ions. The Si4+ ion is very 
small and can migrate relatively freely, whereas the 
Ca-0 structures are composed entirely of large ions and 
are more stable or less mobile. 
The amount of b. f. s. necessary to cover'thc o. p. c. 
particles can be calculated from their specific surface 
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areas. It is interesting to n, ote that such a calculation 
based entirely on, geometrical assumptions gave b. f. s. 
concentrations in the cement of 65 to 75%. These values 
fall between the b. f. s. contents of the cements used in 
the 60S and 80S samples where a significant increase in 
strength was observed. (See Section 6.4.3 and 6.4.4) 
7.1.3. Mixing and Initial Dispersion 
The particle association., or the degree of disper- 
sion depends on the mixing procedure and the equipment 
employed to mix the constituents. 
The high rate of mutual coagulation when the cement 
and bentonite slurries are mixed makes the initial 
mixing a critical'operation controlling the behaviour 
of bentonite/cement slurry. (See Section 5.1.1) 
If the initial mixing-is not sufficiently vigorous 
to break the gel due to the coagulation, the cement 
remains as large floccules shrouded in layers of bento- 
nite. This means that the surface available for reaction 
is low. The consequence of insufficient dispersion can 
be illustrated by thinking of an extreme case in which 
the cement is put into the bentonite slurry as a whole 
lump. Starting from this extreme case, the higher the 
degree of dispersion, the higher the reactivity of the 
cement. 
In the initial mixing, using a very high turbulence 
or shear mixer may not mean efficient mixing or dispersion 
if the batch is not adequately homogenized. The higher 
the turbulence the stiffer the material becomes and thus 
the circulation through the high shear zone may be 
inhibited. To avoid this it is necessary to introduce 
some relative mo-. #-er. ent between the high shear zone and 
the bulk slurry. (See Section 6.3.1.1. ) 
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7.2. CONCLUSIONS 
1. The mixing procedure and equipment effect the 
slurry properties. The batch should circulate 
through the shear zone for efficient mixing. 
2. Replacement of some of the o. p. c. by the b. f. s. 
reduced the power necessary to mix the slurry and 
increased the degree of dispersion of the cement. 
3. Replacement of the ordinary Portland cement by the 
blastfurnace slag improved the stability against 
bleeding and reduced the filter loss. It also 
retarded the increase in viscosity during prolonged 
agitation. 
4. Prolonged agitation reduced the bleeding rate and 
capacity but increased the filter losse 
S. Replacement of up to 60% of the o. p. c. by the b. f. s. 
increased the mechanical strength and durability of 
the set bentonite/cement slurry. Replacements of 
above 70% gave distinctly higher strengths and non- 
plastic behaviour, undcr the undrained, test conditions 
adopted in this work. 
The undrained tests gave an idea of the amount of 
cementation that took place. Confined drained tests 
at lower strain rates could perhaps be used to obtain 
a better picture of the mechanical behaviour of, the 
set slurry as a backfil material for cut-off walls. 
6. Prolonged agitation reduced the mechanical strength 
and increased the strain at peak stress and the 
residual or ultimate strength. The mechanical properties 
of bentonite/o. p. c. + b. f. s. slurries with higher b. f. s. 
contents were less affected by prolonged agitaticn. 
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7.3. SUGGESTIONS FOR FUTURE WORK. 
Additives, mainly set retarders may be used to 
retard the increase of viscosity, or gel strength 
due to hydration of cement in the fresh slurry. 
2. Use of pozzolanas such as fly ash as slurry contitu- 
ents may be investigated. The pozzolanas have lower 
cementing activity than blastfurnace slags. This 
may make it possible to obtain more plastic setting 
clay/cement slurries than with the high blastfurnace 
cement contents. 
3. The effect of initial mixing and degree of dispersion 
is of practical signifi'cance. The degree of 
dispersion and the homogeneity achieved will affect 
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APPENDIX I. UNIT CONVERSION TABLES 
length lm = 3.281ft 39.37in 
lft = 0.3048m 
lin = 0.025-4m 
1ý = 10-10M 
area 1M2 10.764 ft2 = 1.5SOX103 in 
2 
ift 2 = 9.2 90X10-2M2 
lin 2 = 6.4S2xlO- 
4M2 
volume (liquid) lm 1000 x- 
1 gal (GB) = 4.546 k 
1 gal (US) = 3.785 Z 
volume lm3 35.32 ft3 6.1024x104in 
3 
lft3 = 2.832xl 0-2M3 
lin 3 = 1.639xlO- 
SM3 
lyd 3 = 0.76 SM3 
mass lkg 2.205 lb 
1 lb =0.4536 kg 
avoirdupois weight lt = 103kg = 0.984 (long) ton 
= 1.103 (short) ton 
density 1 kg. m-3 62.43xlO -3 lb ft-3 
1 lb ft-3 16.02 kg M-3 
1 lb. in-3 2.76 8X104 kg M-3 
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force 1N = IO'dyn = 0.2248 lbf = 7.233 poundal 




103 kgf = 9807N 
pressure/stress 1N. m-2= 1 Pa = 0.02089 lbf. ft-' 
= 1.4504xl 0-4 psi 
1 lb fo 
ft-2 = 47.88N M-2 
1 psi = 6.89SX103N M-2 
1N. m- 
2=9.869xlO-6atm 
=7 . 501X10-3 torr 
latm = 101.3xl 03 N M-2 
1 torr = '133.3 N M-2 
1N. m- 
2=0.102 OX10-3 m-water column 
viscosity 1N. s. m -2 = lo. p(poiSe) = lkg. m-', s-1 
1P =1 dyn. s CM-2 
energy lj = 107 erg = 0.2390cal = 9.478xlO -4 B. t. u. 
lcal = 4.184J 
1 B. t. u. = 1055.1J 
lklVh = 3.6MJ 
power 1W 1.341XIO-3 HP 
1HP 745.70OW 
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APPENDIX II. BLEEDING EQUATIONS FOR CLAY/CEMENT 
SUSPENSIONS. 
Bleeding phenomena are discussed in Section 3.1.1. 
In this appendix, the bleeding rate and bleeding capacity 
equations developed by Powers (1939; 1968p p. 533 et seq. ) 
and Steinour (1944a, b, c; 1945) are cited and their physical 
meanings explained. 
II. l. Bleeding Rate Equations 
Powers (1968, p. 555) gave 
0 
Q= K*(p -pf)gcvc (1+M) sV (1) 
for cement pastes (with additions of other mineral powders), 
based on Kozeny-Carman equation, where 
is the bleeding rate (velocity of solid/liquid 
interface), m. s 
K' = K/pf9 
K is th e coefficient of permeability, m. s-I 
K- 
Pfg (C-W, )3 
(2) (1-W, ) 3(y (1_C)2 c ap 
(Powers, 1968, p. 617. ) 
cv 0 C (1+M) is the solids volume concentration, m3 m- 3 
- 
--T- 
g is the gravitational acceleration, M. g2 
kc =k0 (L e 
/L)',. the shape factor multiplied by 
tortuosity, dimensionless Carman constant 
(k 
c -=S. 
) (Steinor found kc = 4.06 for cements). 
It i is the dimensionless constant, experimentally 
determined: wi =0.24-0.32 
is the coefficiciit of viscosity of fluid, N. s. m- 2 
(n=0.94 X10-3 N. s. m -1 for water at 25*C) 
I 
C is the total volume of liquid per unit volume of 
. 
suspension, ms. m- 3 
p. is the density of fluid, kg. m- 
p., is the density of solids, kg. m- s 
determined from bleeding rate data 
ao is the specific surface value, M2 m-3, equivalent- 
sphere specific surface area from sedimentation 
analysis 
cap ' ao (Powers, 1968, p. 62S) 
aap is the"apparent specific surface area of solids, 
m2 Om- 
3. (Powers 1968, p. 616) 
Though an alternative analysis shows that 
aap'ý('-wi)-I'ao - (See Appendix 11.1.2. equation 17 
and equation 22. 





(1 -wi) 3 craP2 1-C 
Equationý3 differs from Steinour's equation (1944c; 
1945, p. 10) 
vs (c-wi) 









O(e) is a dimensionless empirical shape factor other 
than hydraulic radius 
[O(c)= 0.123] 
a is the specific surface area, m 2. M_ 3 calculated 
as if each particle were a sphere having same 
density as particles and same rate of fall when 
alone in a large volume of viscous liquid; for 
uniform size particles u=31r. (This is the 
definition of equivalent-sphere specific surface 
-surface area, a0, thereforc a= a0 
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Equation 5 includes a ur I correction applied 
to all 
values except the'specific surface as a refinement to 
Power's 1939 equation which can be written as follows: 
1 (ps-pf)g (if -W j) (6) Qkc 
11 * (1 2c 
where : 
c is the total volume of cement per unit volume of 
33 
paste, mm 
w is'the volume of water per unit volume of paste, 
3-3 m, m 
a=. k s1'J WIM 
2" m- 3 
k 
sl is an experimental 
factor (slit factor) when 




a is the specific surface area, M2. M-3 , determined 
from Wagner turbidimeter test; calculated the 
same way as a in equation 4*or 5, except that 
particles smaller than 7.5 microns are assumed 
to have the average diameter of 3.75 microns. 
(American Society for Testing and Material, 1975c) 
Steinour proposed an empirical exponential function 
for the shape factor O(c), similar to those originally 
developed by Cunningham and Smoluchowski (Steinour, 1944a, 
p. 8), and gave 
C-Wi 2 
-k (! -ý' ) V (T- I-W W. s wi) 
where: 
k is an empirical coefficient, (k=4.19 for cements) 
Equation 7 has been found to hold even for very high values 
of porosity. 
Powers (1968, p526 et seq. ) developed an empirical 
equation, based on Stokes' law, similar to equation 7, 
that included no w, term: 




Qo = Vs, the Stokes' settling velocity as defined 
in equation 5 
k is an expirical constant similar in function to jqi. 
It has been found that equation 8 fits the experimental 
data as accurately as the other equations which make use of 
the concept of hydraulic radius and stagnant fluid to 
represent some part. of the shape factor. 




C2 11 e 
k(l ey 
the product no 
k(l-C) in the denominator can be interpreted 
as an "effective coefficient of viscous resistance" (Powers., 
1968, p. 649), 
ne = T'd 
k(l-e) (10) 
Thus, instead of applying corrections to the porosity, or 
to the effective surface area, only the coefficient of vis- 
cous resistance is-corrected, letting the characteristics 
of the flow pattern be represented by the concentration,, 
(1-e), and by k. 
For porous bodies made of colloidal material, the 
aasorbed water is a significant fraction of the mobile water, 
and therefore k is dependent upon the specific surface 
and the energy of adsorption (Low, P. F., 1961; van Olphen, 
1963, pp. 54,148-152; Gillott, 1968, p. 137). According to 
Powers (1968, p. 649), the equation for effective viscosity 
for such systems can be written as 
ne = T' OxP 
where: 
T is the absolute temperature, *K 
0 is a coefficient related to the extra activation 
energy * for flow due to the effects of absorption 10 
on the energy content of the flowing water 
See Pauling, 1970, p. 565ff. and Moore, W. J., 1974, p. 363ff. for a 
discussion of activation energy and the related mathematical 
formulations. 
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II. 1.1. Notes on the wi Term. 
The w1 term and the factors affecting it (5teinour, 
1944c, p. 48)'were discussed in some detail by Steinour 
(1944a, pp. 9,10- 1944bs pp. 26-30; 1945, pp. 9-1S) and 
Powers (1968, pp. 611 et seq). The following is a brief 
summary of the main lines of the discussion on wi. 
The original form of bleeding rate equations which 
were based on Kozeny-Carman model (Powers, 1968, p. 609) or 




kC 11 Cr 
2 (1-F-) 









When the experimental data on cement jastes were 
plotted according to equation 13., [Q(J-C)]3 versus c 
(Powers, 1939), it has been found that good straight line 
fits were obtained, though different cements showed 
different lines. The lines passed through the origin for 
non-flocculent suspensions of uniform spheres (Steinour, 
1944a), but have positive. c intercepts for suspensions of 
angular and/or flocculated particles (Steinor, 1944b, 
1944c, p. 48) In other words, a correction term wi had to 






I Powers (1939) considered the intercept to represent 
"a quantity of water that does not take part in flow" and 
called it "immobile water". 
z1b 
Steinour (1945 , pp. 8-15) studied the wI term 
for suspensions of fine powders and for cement pastes and 
found that wi appeared when the particles are angular 
rather than spherical, when a suspension is changed from 
the nonflocculent to flocculent state, and that the 
value of w1 is usually independent of particle size, that 
is, specific surface area, for particles of cement size. 
It should be noted that the specific surface affects the 
solubility (Iler, 1955, pp. 8,9) or the chemical reactivity, 
and hence the electrolyte concentration and the degree of 
flocculation. Therefore, it can affect 11. A similar 
argument is valid for the solids content, but these 
appear to have-rather indirect influence on wi. 
Steinour (1945, p. 9) stated that Carman had found that 
aw1 term was not needed to analyse the flow of liquid 
through beds of particles of low specific surface, and 
absorption layers of the thicknesses necessary to account 
for the wi values were not possible. The wi tcriq could not 
be attributed simply to the initial hydration of cement, 
because' it was also observed in chemically inert systems 
such as cement in paraffin. Thus, Steinour noted that Wi 
"can be defined as a correction for liquid that is not 
involved in the flow, but it cannot be considered to 
represent directly the quantity of such liquid" 
Powers (1968, p. 61S) concluded that it would be 
reasonable to expect wi to be proportional to the quantity 
of solid particulate material. (See also Steinour, 1944b, 
p. 39). He held that it was reasonable to regard wi as the 
sum of three components: 
1. The quantity of fluid required to streamline 
irregular particles. 
2. An additional quantity due to the flocculent state 
of the particles. 
3. And the volume added to the grains by chemical 
reaction, which dcpends on the surface area of the material. 
A rigorous analysis would require that, to account for 
the supposed stagnant fluid content wi, a correction should 
be applied to every e (or c) and also to the specific 
surface a for a first approach to refine the original 
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equations (Steinour, 1945, p. 75). Equations (2), (4) 
and (7) are examples that reflect such corrections. 
11.1.2. Notes on the Specific Surface. 
The adequacy of specific 
by various methbds for use in 
discussed by Steinour (1944c, 
pp. 617-626). In short, it can 
relations are generally valid 
aW"c ah< Oo "ý aap"c ap 
surface area values determined 
bleeding rate equatioiis was 
pp. 49-51) and Powers (1968, 
be said that the following 
(is) 
where the specific surface values are as follows: 
crW, determined by Wagner turbidimeter method (Ameri- 
can Society for Testing and Materials, 1975c). 
a h' hydrodynamic specific surface area indicated by a 
bleeding rate test; including the effect of 
stagnant water (Powers, 1968, p. 616). 
aap, apparent specific surface area indicated by a 
bleeding rate test; excluding the effect of wi. 
(Powers,, 1968, p. 616) 
a0, (or a)* equivalent-sphere specific surface deter- 
mined by sedimentation method. (British Standards 
Institution, 1961, p. 52) 
ap, determined from air permeability test (British 
Standards Institution, 1971) 
An analysis similar to that followed by Powers (1968, 
pp. 624,625) would show that 
a ap 
Vl+'a ao (1+ a) cr h (16) 
where: 
w 
aI (stagnant volume/solid volume 
-if 
Hence 
a Cr 0 -Wý) aap 
(17) h1 
*It has been found that cr was the most suitable for the bleeding 
rate equations. 0 
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[Equation 16 can be proved as follows: 





01 (A) 0n VS 




.1 (B) ehnVs 
where: 
ae is the effective or hydrodynamic 
specific surface 
The effective density is 
(P effective weight of solids 






PS - Pf 
= (1 -wi) (, P, -Pf) (C) s C-pf J+a 
Substituting equation C in equation B 
2- 
2(p 
s-Pf) I "h v (1+a) nS 
and comparing with 
a2 
oh 2=1= (1-W i) CO 
and as 
aap 
-W ah J+a i) aap 
Hence from the definitions Of Oh L and aap 4t follows that 
aap 2: '/, +a cro = (I+a)ah 
or 
v =-w. ia=(1 -w ah =10 i)aap 
(16) 
(17) 
as stated above. 
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Steinour discussed the difference between equation 4 
and 6 (that is, his equation and Power's 1939 equation for 
bleeding rate), and concluded that equation 6 is a special 
case of equation, 4 (Steinour, 1944c, pp. 49-51; 194Sx pp. 
9-13). Equating the bleeding rates from equation 4 and 








cr w1- wi 
(18) 
and substituting the numerical values of shape factors, 







where wi is in the range 0.24-0.32. Hence, Steinour con- 
cluded that applying a correction to specific surface - 
to account for the fluid represented by w i- would make a 
difference of only about ±4% in the specific surface 
indicated by bleeding rate test, and the experimental data, 
were not sufficiently precise to permit a comparison to 
distinguish the refinement. 
(From experimental data on specific surface measure- 
ments it was found that a0 /ael. 52 (Steinor, 1944c, p. 51). 
When this value is substituted in equation 18.1 it is found 
that w 0.27 which agrees with the experimental average 
value of wi. ] 









based on experimental data. Taking 
ao = 1.52 -cr w 
= 1.22 cr p0 
and kc = 4.06, w1=0.28 (Steinour, 1944c, p. Sl) as 
average relations for cements, it can be shown that the 
following relations exist between the aforementioned types 
of specific surface values: 
ap ! --l . 02cr apt! 
l . 22a 0 =1 . 
43cr h=l. 86cr w 
(21) 
Thus, following the same line of analysis it can be 
concluded-that 
ap2! aap>cFo > "h >a w 
(22) 
which is not in agreement with Powers' conclusion that 
aap= ao (1968, p. 625). 
Most cements lose specific surface when they come 
into contact with water as the smallest size particles 
pass into solution and condense as a very thin. coating 
around the larger particles. The loss is measured as the 
difference between the specific surface value from air 
permeability test and the value from. sedimentation analysis 
(Powers, 1968, p. 642). The relation can be written as 
cri =a p- 
1.22ao 1 
(23) 
where a, is the loss of specific surface area. It has been 
found that ax increases 
It should be noted that 
tion that ap=1.22a 0 
for 
positive values as well 
calculated from equatio 
with increasing cement reactivity. 
equation 23 is based on the assump- 
an average cement and, therefore, 
as negative values for a, can be 
n 23. 
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II. 2. Bleeding Capacity' Eqtt,,. it'io*ns 
Powers (1968, p. 559) gave' 
'[ (wv cv 0)- (wv /cv 11) B 
AH =3_ __ 
wcwc (24) 
(wv /cv 0 
wc 
for bleeding capacity where 
All is the settlement per unit original height of the 
sample (Section 3.1.1.3, Fig. 3.4) 
wv w is the original water: cement ratio by absolute CV0 C volume 
wv w, )B is the basic water: cement ratio by absolute CV0 C volume; determined by extrapolation from a plot 
of experimental data. In*theory, a mix at basic 
water content should have zero bleeding capacity. 
c is the cement content by weight 
W is the water content by weight 
vw is the specific volume of water, m3 Ag' L. 1 
vO is the apparent specific solid volýme of cement, C 
M 3. kg-1; specific volume of cement determined in 
water (Powers, 1968, p. 65) (See Section 4.3.2. ) 
Written in terms of the more familiar porosity, 
'[{E/(l-C))-{C 
AH =-3 -- 
B B) I 
+ 
and rearranging, 
1 (ý: - 
ý' 'B) All = 'S 1-EB (26) 
Equation 26 means that one third of the excess water per 
unit volume of solids can be expelled by normal bleeding. 
Powers (1939, p. 65) based his theory on the assump- 
tion that the lateral rearrangement of particles during 
settlement and the-effect of flocculation are negligible. 
The equation which in its original form can be written as 
(1-All ) (27 ) 
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was based on the following model: * 
"If a cube of cement/water paste occupying only the mini- 
mum, or base, volume is expanded into a larger cube by 
mixing with additional water, the resultant paste will 
settle until the height is the same as that of the original 
cube. " (Steinour, 1945, p. 16) 
Steinour, (1945, Fig. 6) showed graphically that a plot 
of AH versus wv [or (1-c)]conformed to a parabola, and WI 
that when (AH/cv c 
I)' was plotted against (wv W 
/cvcO), a 
good straight line fit could be obtained. He therefore 
proposed 
AH = k'(cv 0)[ 
wv w--( liv wo) 12 (28) 
c cv c0 cv cm 
where k is an empirical constant equal to 0.50±0.03 for 
most cements and the subscript m indicates the minimum 
water: cement volume ratio at which the mix would exhibit 




is determined by extra- 
polation from a plot of experimental bleeding data. 
Equation 28 has been found to fit the experimental 
data very well for a wide range of water: cement ratios 
used in concrete practice. 
I 
Equation 26 is derived from equation 27 by ignoring A, 12and A113 
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11.3. o'f Eqtidtioft '(I)' td Cl'ay/C&tciit 'Shitties 
Equation 1 can be written as: 
K 





where KS is the permeability of the slurry. If the 





where cs and ec arc the porosities of the slurry and the 
cake respectively. Typical numerical values (from Section 
6.4.2) for the mix 4BB 150C 20S are: 
Kc = 2.95 x 10-8 m. s-1 
es = 0.93 
cc = 0.87 
ps= 2880 kg. m- 3 
wi can be taken as 0.34. 
Substituting in (B) we find 
Ks = 1.40 x 10-7 M. S-I 
and substituting this value in equation (A) we can'calculate 
Q=1.84 x 10-8 m. s-1 
This may be compared with the bleeding rate obtained from 
a bleeding test; Q=1.11X10-7 M. S, -l This value 
calculated from a bleeding-time diagram is about 6 times 
that obtained from a filtration test. 
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APPENDIX III. FILTER LOSS AND FILTER CAKE THICKNESS 
VERSUS TTME RELATIONS 
III. 1 Filtration Equation for Imcomprossible Cake 
The filtration equation given by Nash (1974a) implies 
the following assumptions: 
1. The slurry is stable against bleeding and 
segregation. 
2. There is a discontinuity at the transition between 
the slurry zone and the cake zone. The effect of inter- 
particle forces are negligible; the movement of a particle 
with the liquid phase stops when it comes in contact with 
the cake, the particles are infinitely rigid. 
3. The change in porosity of the cake with time is 
negligible, that is, the cake does not consolidate. 
4. The flow through the cake follows Darcy's law. 
z 
PO Tril 
sAh- -ri- -0 -0-0 
H 
i, NET HYDRAULIC 
GRADIENT 
Fig. III. l. An idealized model of slurry in filter press. 
From Figure IIIA., Darcy's equation for the cake gives 
Kc Ah = 
dv (1) Az dt 
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where: 
q is the flow unit per unit area per unit time, m. s-l, 
Kc is the coefficient of permeability of the cake, 
-I M. S 
Ah is the net hydraulic head across the cake, 
m (water column). 
Az = d, the thickness of the cake, m. 
v is the volume of filtrate per unit area, m3 m- 2 
t is the time;, S. 
The combination of the cake and the filtrate is 
equal to the original slurry in volume and composition. The 
amount of solids in the slurry (volume of filtrate + volume 
of cake) is equal to the amount of solids in the cake. 
Hence,, 
(1-C ) (v+v (1-C )v 
sccc 
where 
cs is the porosity of slurry, 
cc is the po. rosity of cake 
vc is the volume of cake per unit area. 
Substituting vc =d and solving for d, we have 
d= v(l-e S)/(es- c C) 
(2) 
Substituting 
dv K Ah I U-t C* (1-cs)/(Cs-CC7 
and rearranging 
v. dv = [K . 
cs-c c. Ahl dt (3) 
c I-C s 
Assuming that the terms in the brackets are independent 
of time, equation 3 can be integrated to give 




By similar analysýs, the expression for filter cake 





. -- d rt 
111.2 A Discussion of Idcal Filtration Equations 
Equation, 3 was derived on the assumption that the 
slurry and the cake zones were homogeneous or could be 
treated as such. Equation 4 or 5 is valid to the degree 
that the coefficient of permeability, the porosity and 
the hydraulic head are time-independent. Although 
equation 4 fits the experimental data fairly closely, 
this can be regarded only as a qualitative demonstration 
that the general form of the equation is a good approxi- 
mation to the real situation for slurries that have low 
permeabilities and deposit thin filter cakes. (See Chapter 
6 for plots of filtration data according to equation 4. 
See also Appendix-II, Section 11.3 for an application of 
the Kc value from filtration data to bleeding rate 
equation). ' 
As shown in Section 6.4,.. 2.2, for the clay/cement 
slurries used in this work, the cake zone is not homo- 
geneous, the cake-slurry interface is not clearly defined. 
The cc value depends on the amount of consolidation of the 
cake which is a function of time. The permeability, Kc is, 
therefore, a function of time. (See equation 2 in Appendix 
II). 
From Figure III. 1, the expression for the hydraulic 
head Ah can be written as 
Ah = 0.1020p + (z d)y Z (6) 0 s- s wyw 
where: 
zs is the le,. rel of slurry, m 
zw is the level of water in the filter press filtrate 
oiitlet, m 
i 
YS is the specific gravity of slurry 
4 
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Ylq = 1., specific gravity of water 
-2 po is the overburden pressure in kN. m 
Equation 6 means that where the overburden pressures 
are small and the cake thickness is comparable in magni- 
tude with Zs, the hydraulic gradient 
. 
will be time depend- 
ent. Such situations may arise when "water retentitivity" 
tests as defined by Klein and Polivka (1958) are carried 
out on high permeability grouts. (Section 3.1.2). The 
contribution to hydraulic head Zs due to the slurry height 
in a water retentivity test can be written as 




If the original height of the slurry column is If of 
we can write 
zHv s0 
and substituting*in equation 7 




d 1-c c Zs, H Y. os 
(8) 
If d is small, it can be seen from equation 8 that Zs will 
be effectively constant and thus equation 4 can be applied 
to Klein and Polivka's water retentivity test as well as 
the standard filter loss test. 
Equations which take into account the compressibility 
on consolidation of the cake and also the effect of the 
filter paper, or the filter layer, have been developed 
(Coulson and Richardson, 1966, pp. 421-425). Such 
equations could be used especially in the analysis of 
data from thick, compressible filter cakes when sand or 
soil sample is used in place of filter paper. 
227 
APPENDIX 'IV. * NOTES ON 'FLOW AND FLOW MEASUREMENT OF 
GELLING FLUIDS 
IV. l. Terminology on Rheological Behaviour 
The flow behaviour of materials are described mainly 
on the basis of their equilibrium shear-rate - shear-stress 















Figure IV. 1. Flow curves for various ideal rheological 
bodies. These curves refer to equilibrium 
effects (Section 3.2.3.1. ) 6nd are 
independent of time. 
A is a Newtonian liquid; 
Bp is a pseudoplastic fluid; 
C, a dilatant fluid; 
Dx a Bingham plastic; 
E, a pseudoplastic material with, a yield value; 
F., a dilatant material with a yield value.. 
TID is the differential viscosity 
np. t is the plastic viscosity for a Bingham plastic 
fluid 
n is the coefficient of viscosity, or simply viscosity 
for a Newtonian fluid. 
The apparent viscosities at points x and y can be obtained 
from the slopes of the -lines Ox. -and Oy respectively. 
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Thixotropy, pseudoplasticIty, theopexy, dilatancy and 
anti-thixot'ro'py 
Freundlich (1926, p. 61S) defined as thixotropy the 
"reversible sol-gel transformation" as related to particle 
association. It was also defined as an "isothermal - 
reversible sol-gel transformation (Overbeek, 1951, p. 85). 
Van Wazer et al. (1966, pp. 20,77-80) described thixotropy 
"with respect to reversible behaviour" of becoming "more 
fluid witý increasing time under steady-state conditions", 
or, in short, as the "reversible work-softening". The 
Concise Oxford Dictionary (Sykes, Ed., 1976) defines 
thixotropy as the "property of becoming temporarily liquid 
when shaken, stirred, etc., and returning to gel state on 
standing". The unanimous theme in these definitions is 
the reversible sol-gel or fluid-gel transformation and 
that there is a work-softening. 
The opposite reversible effect, that is, the property 
of exhibiting more resistance to flow with increasing time 
while being subjected to steady-state shear, is defined 
as rheopexy. Overbeek., (1952b, p. 85) said that this 
"inverse phonomenon"... "shown by very concentrated stable 
suspensions" as "low resistance at low shearing stresses, 
but high resistance at high shear .. is called dilatancy". 
Van Wazer et al,, (1966, p. 21) stated that "it can be 
argued that pseudo-plastic flow (no yield value) results 
from immediately concluded thixotropic behaviour (exhibit- 
ing an infinitely short time to go from initial to equili- 
brium viscosity) and that dilatant flow results from 
immediately concluded rheopectic behaviour. " Therefore, 
to adequately define the flow behaviour of a material a 
time dimension (or more generally, an activation energy 
dimension) should be included. 
The flow behaviour can also, be represented with a 
continuous plot of s-T values obtained by shear rate 
cycling. Due to the time dependent effects hysteresis loops 
as shown in Figure IV. 2 can be obtained when the curves for 
increasing and decreasing shear rates are-plotted. Curves 1. 
2 and 3 are regarded as belonging to thixotropic 
fluids 










, r, SHEAR STRESS i 
Figure IV. 2. Hysteresis loops in T-s curves obtained by 
shear rate cycling. 
Curve 4 belongs-to an ideal Bingham body. Curve 5 would 
probably be associated with anti-thixotropy (Lea, 1970, 
pp. 364-366) or rheopexy (van Wazer et al., 1966, p. 22). In 
ageing or chemically active bentonite/cement suspensions, 
(that is, whilst the cement and water are still reacting), 
T-s behaviour similar to that shown by curve 6 (or with 
the reverse loop) is not uncommon. (See section 6.4.2.4. ). 
Thixotropy, under static conditions can be described 
with the rate of gel strength development, and under- 
steady-state shear, with the rate'of decrease of viscosity 
with time. Or, on a completely rheological, time-dependent 
basis, the sign of the second derivative of shear stress 
with respect to shear rate could be taken as the criterion. 
A negative value for d2 T/d S2 could be taken as a sign of 
thixotropy, and a positive value as a sign of rheopexy. 
Thus, a suspension could exhibit different flow behaviour 
at different shear rates. For instance, van Olphen (1963, 
p. 132) described rhe'opectic behaviour as the phenomenon of 
acceleration of recovery of the original consistency of a 
thixotropic fluid by the application of a low shear rate. 
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Therefore, assignment of a certain rheological behaviour 
to a bentonite/cement slurry can only have any significance 
when accompanied by a precise description of 
the test method and equipment employed in obtaining the 
T-s curve and a history of the sample. 
The terms used in describing the flow behaviour seem 
to be associated'with ideal rheological models. In 
practice, fluids rarely conform to such models and precise 
definitions may be necessary. (See, for example ASTM 
Designatiýn: D2507-70, American Society for Testing and 
Materials, 1977). 
Matheinatical Models for Flow Behaviour 
Mathematical model for ideal Newtonian fluids in terms 
of s and T can be written as 
T= YJ S 




A suitable model for non-Newtonian fluids without a yield 




where n is a constant which varies from 1 to 0 for pseudo-- 
plastic-type curves (curve B in Figure IV. 1) and from 1 
to - for dilatant-type curves (curve Q. Tj s 
is a reference 
viscosity. 
Suitable mathematical models are. available for a very 
wide range of flow behaviours (van Wazer et al. 1966). 
IV. 2 Factors Affecting Viscosity and Flow Behaviour 
The factors that affect the flow behaviour of a sus- 
pension can be sunimarised as follows: 
1. The viscosity of the fluid medium 
2. The concentration of the suspended matter 
3. The size and shape of the suspended particles 
4. The forces of interaction between particles 
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[The viscosity or flow behaviour of the medium in 
which the solid particles are dispersed. greatly affects the 
flow behaviour. The variation of viscosity with temper- 
ature can be described by an'Arrhenius equation. 
TI =B exp (E/RT) 
where B is a constant, E is the apparent activation energy 
for viscous flow, R is the universal gas constant, and T 
is the absolute temperature. 
Equatibns relating the viscosity n of a suspension to 
the viscosity ns of the fluid and the solids concentration 
have been developed. The limiting viscosity number is 
lim 
C-0 n77 s 
where C is the solids concentration * by volume. The 
relation 
I [n] = 2.5 + 14.1 C 
is valid for suspensions of spherical particles for 
moderate concentrations (van Wazer et al., 1966, p. 34). 
C is the solids volume concentration. v 
The flouwink law gives the limiting viscosity. nUmber'for 
polymers: 
(n] =M 
where a and b are constants and M is the molecular weight. 
These are-idealised equations. They may provide some 
pointers as to the flow behaviour of clay/cement slurries, 
but their application is limited. ] 
Einstein's equation can be written also as n=n S 
(1+kC 
v) where n, ns 
and Cv are as defined in the text, and k is a constant, which, for 





)/(l-k ICv) where kI is a constant, has been shown to 
be accurate for relatively high values of CV. 
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IV. 3. * Gel Strength, ' Shear' Decay and Golation 
The gel strength of a gelling suspension can be assumed 
to be proportional' to the number of links per unit volume 
of the suspension between the suspended particles (Van 
Olphen, 1963, p. 28). The number of links per unit volume 
will be a function of number of particles, and an increase 
in the degree of dispersion may result in an increase in 
gelling rate and ultimate gel strength. 
When the suspension is sheared at constant rate and 
temperature under steady-state conditions, the work- 
softening or shear decay has a first-order reaction-rate' 
(van Wazer., 1963, pp. 20-21), that is, the rate of breakdown 
of links per unit volume is proportional to the number of 




where t is the time, k is the reaction rate constant and 
X. is the number-of links per unit volume at equilibrium 
state. By integrating we have 
exp (-kt) e0c 
where X0 is the value of X at t=0. In terms of the 
corresponding gel strengths 
T-Te = (T 
o- 
T. ) exp (-kt) 
Similarly, for the gel strength development, (rather 
than decay) We can write 
T-TU = (T 
o- 
Tu) exp 
where TU is the ultimate gel strength and k' is the rate 
constant. 
-A 
*SeeMoore (1974, p. 329 et seq) or Pauling (1970, p. SSS et seq) for 
order of reactions. 
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IVA. A Note on Coaxial' Cyliiide'r Vi*s'comet*ry 'of a 
Gelling Flui'd: ' the Reiner-Riwlin Equation for 
Plastic Fluids 
In coaxial cylinder viscometers the stress T at 
radius r is inversely proportional to the square of the 
radius, that is, 
-r = M/2 7rr 
2h 
where M is the torque and h is the height of the cylinder 








Figure IV. 3 Bingham body in coaxial cylinder 
viscometer. 
For a Bingham body, the gel breaks at the surface of 
the bob and the material in the zone between the bob and 
a radius R crit will 
be mobilised when steady-state is 
reached . At r=R crit' the shear stress 
is equal to the 
yield value of the Bingham body. Hence 
crit :3 
VM7T7rHT 
or substituting. M=27TR 2 IT where R i3 the radius of the bbb 
bob and Tb is the shear stress at the surface of the bob, 
we have 
R 
crit '2 bvrTb7Fvy 
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Therefore, from a knowledge of the yield nature of the 
material, the shear stress at the inner cylinder to 
ensure complete mobilisation of the fluid can be cal- 
culated. In theory it is also possible to calculate Rf 
(if a rheological model for the fluid is available). In 
practice, for clay/cement suspensions, this is of little 
use due to the time dependent properties of the material, 
which cannot be satisfactorily modelled. 
The shear rate is not uniform across the gap or the 
mobilised zone and often mean shear rates are used in 
calculations. Where the gap is sufficiently small the 
following equations can be used to calculate the mean 





c -R b 
s= w(Rc 2 
-ýRb 
2) /R 
c2 -R b 
2) =w(R c 
/AR) 
where w is the angular velocity, Rb and RC are the radii 
of the bob and the cup respectively, and AR=RC-R b (van 
Wazer et al., pp. 55,60). When (R c- 
R b) /RC: 50.05, the shear 
rates at the bob and cup fall within ±5% of the mean 
shear rate calculated from the above equations. 
The Reiner-Riwlin equation for the flow of a Bingham 






npl 47rh Rb2Rc2 71 P1 
Rb 
for steady-state conditions and completely fluidised 
state of the material in the annulus. In other words, 
this relation is valid for the linear part of the M-w 
curve when the shear stress at the bob Tb is greater 
than T2., or the-angular velocity is above w2 (van Wazer 
et al, 1966, p. 65) (See Figure IVA). Below the point 
W2., T2), Rf <R c, 





3, w' 2 
Iy Tl T2 
Tb, SHEAR STRESS 
Al THE INNER CYLINDER 
Figure IVA. Flow data of a plastic fluid obtained 
by coaxial-cylinder viscometer. 
IV. 5. Some Characteristics of the Baroid Rheometer and 
the Contraves Rheomat-30 Viscometer , 
The relevant dimensions and other characteristics 
involved in a cho'ice of flow property measuring system 
are summarized in Table IV. l. The relevant characteristics 
of the material were taken from Section 2.3. 
In the choice of measuring system the criteria were 
that the shear stresses and shear rates involved in the 
measurement of the characteristics should fall within the 
accurate and sensitive limits of the instrument. As shown 
in the table, the required W2 of the Rh-30 for measuring 
system (MS)B for slurries was more than six times greater 
than the maximum speed of the instrument. With MS A, the 
required 02 is within the capacity of the instrument. It 
would appear from Table IV. Land Figure IV. 5 that the 
Baroid Rheometer includes a wider range of shear rates 
(particular"I the high shear rates-). 
The instýbility that' was observed (Section 6.4.2.4) 
at speed settings of about 20, which corresponds to w= 
16.2 rpm and N Re'ý 3.24 nominal, could not be due to turb- 
ulence or the thinning of the fluid around the bob due to 
centrifugal segregation of cement particles. This would 
result in a decrease of the effective viscosity of the 
. 
fluid around the bob but at the same time reduce the 
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effective gap size and the expected increase in N Re 
would not occur. Rather it is due to a slight initial 
eccentricity leading to a considerable relative mis- 
-location of the bob which is freely suspended from the 
universal coupling of the viscometer; a precessive 
motion starts when the thinner 'section of'the gel is 
fluidified and carried away. (Similar to the phenomenon 
called "differential sticking" in oil well drilling).. 
This may leave the lower end of the bob at a distance 
equal to the diameter of cement (or sand) particles 
which may further aggravate precession. It is worth 
noting that instability occurs at such shear rates when 
the material in the annular space is about to be fully 
mobilised and disappears at higher speeds when the gel is 
completely broken. The fact that it does not occur in 
the "down curve" seems to confirm this hypothesis. As 
can be seen from Figure IV. S. the 02 = 126 rpm calculated 
from the yield value of the slurry corresponds approxi- 








q2q ý 1. 
. TABLE IV. 1' Some characteristics of' Rh-30 
2R 
and Baroid Rheometer. 
C 
Measuring System Rh-30 Rh-30 Baroid Rheometer 
MS A MS B 
Cup radius, R 'mm 24.2 19.0 18.4 c 
Bob radius, Rb 2mm 22.4 15.0 17.3 
Height of the cylind- 56 60 27 5 rical part, h, mm . 
Height of the conical 44 24 17* parts, 2h c Imm 
Height of the cup, H, mm 135 12S 58** 
Maximum shear stress 
1) 
at bob, T b N-m- 
2 238 504 153 
Maximum angular 350 350 600 
velocity, w rpm 
Rc2 /R b 
2= TbIT 1.13 1.61 1.14 y 
2) 
Maximum mean shear 
t T - 698 195 958 ra e, max's 
A-s/Aw 3) 1.99 0.557 1.60 
A-Y/Aw 4) 1.76 0.439 1.62 
Critical Reynolds 5) 
number, (N ) 171 90 163 Re crit 
N R. /wIm in 
6) 0.201 0.377 0.128 
/Cont'd.. 
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TABLE IV. 1 (cont'd 
............................ . 
Measuring System Rh-30 Rh-30 Baroid Rheometer 
MS a MS B 
w crit' rpm 
7 853 239 1275 
w2 . rpm 
8) 126 2200 167 
One conical part on top 
The depth of immersion marked on the outer rotating cylinder. 
1) The stress corresponding to maximum torque. 
2) From the manufacturers calibration charts. 
3) From Figure IV. 5. 
4) From the equation 7; = w2R bRc /(R C2 -R b 
2) 
5) From (N )crit=41.3/R /(R - 1ý -7 (Van Wazer et al, 1966, Re C c. Ib 
P. 85) 
6) From N Re ývb 
(Rc-R b)P/T1 (Van Wazer et al. 1966., p. 85) 
The'numerical 'values were p=1200kg. m-3 and 
n=2 OX10-3 N. s. m 
-2. 
7) Calculated from the equation in (6) by inserting 
the linear velocity in terms of angular velocity and 
taking N (N )crit. Re Re 
8) Calculated from the equation 
02ýT (R 2 /R 2_1)fflýE)TI] yCb AW 
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End of p recession (Rh-3o) 
seshmin of preca rlon (Rh-' : O) 
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APPENDIX V. ' 'THE ' SHEAR * VANES 
.1 V. 1. Design Consýldera: tions 
The shear vanes were designed assuming that: 
1. The material is homogeneous and isotropic. 
2. The material behaves linearly elastic until yield 
stress has been reached. Thereafter, it exhibits 
either perfect plastic behaviour or highly strain 
softening or sensitive (Figure V. l. c. ). 




















Fig. V. l. a) Shear stresses on the cylinder she ared 
by a shear vane. 
b) The shear stress distribution on the 
base of the cylinder for tha softening 
and the plastic material -at maximum torque. 
C) The idealised shear strcss-shcar strain 
relations for plastic (p) and softening (s) 




The torque measured is the sum of the torques from 
the periphery Mp, and from the base of the cylinder, ýlbl 
that is 
M=Mp+Mb 
The torque from the peripheral shear stress, 
M= 27TR 2. h. -r (R) 
where R is the radius and h is the height of the cylinder 
and T(R) is the shear stress at the periphery. The torque 
from the base of the cylinder, 
mbý fr. T(r). dS 
where T(r) is the shear stress at radius r and dS is the 
surface element. (See Figure V. 1b. ) When the peak torque Mu 
is reached T(R) =Tu. If T(r) = (T(R)/R)r, and the 
material is sensitive 
m=13 
b jTrR T (R) 
or - Mb : -- JTrR3TU 
If the material is perfectly plastic 
M -Z7TR3-r b3u 
Generally we can write 
Mb *ý CiTR 
3. r 
u 
where c is a constant taking values between I and 2/3. 
Therefore 
Mu = 27TR'hT u+ cwR 
3Tu 
and solving for Tu 
Tu = (1) 
TrR'(2h + cR) 
We define V as 
7TRI (2h/R + c) (2) 
Hence m 
TuVu 




='IAVI Tu T 




We can choose c, = 7/12, the arithmetic mean of the 
upper and lower limits; hence jAcl = 1/6 and the error is 
AT = (1/6)/(2h/R+7/12) (3) 
Equation 3 shows that AT decreases as h/R increases. 
h/R can be chosen to give a required AT. Table V. 1 shows 
h/R values for some values of AT. 






O. OS 1.38 
For the smallest vane VI, (h/R) = 2.00, which gave AT 0.036 
was chosen. 
V. 2.. Calculation of the Vane Dimensions f 
The result of calculations is summarized in Tdble V. 2. 
The V values were chosen and R or h/R was calculated from 
Equation 2. 
Table V. 2. 
Vane h/R AT vxlo, 3 Rxl 03 hxlo3 
m3 m m 
vi 2. 0.036 1 4.11 8.22 
vio 3.48 0.022 - 10 7.5 26.1 
Vloo 2.22 0.033 100 18.5 41.1 
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'APPENDIX V1. EFFECT OF THESTIFFNESS OFTESTING MACHINE 
I 'ON *THE 'LOAD-TEFORMATION BEHAVIOUR *OF SAMPLES. 
VI. l. General Considerations 
Mechanical behaviour of a material may be defined as 
the relation between the load and the deformation. 
Theoretically, either load or deformation can be taken as 
the. free variable and the other measured. 
In strain rate controlled testing,, the degree to 
which the strain is under control depends on the stiffness 
of the testing machine and also the load-deformation 
behaviour of the sample. (See Section 3.4.2. ). Stiffness 
of the testing machine can be defined as the load per unit 
relative displacemont of the loading surfaces in contact 
with the sample. 
In Figure VI. i, the curve OPR represents the load 
deformation curve of the sample and the straight line 
OIA represents the. load-displacement curve of the testing 
machine. The deformations of the sample and the testing 
machine are denoted by 6s and 6m respectively. The drive A 
of the machine is equal to the sum of the two deformations; 




Fig. VI. I. Load-deformation curve (OPR) of sample and 
load-displacemcnt curve (O'A) of testing machine. 
Q s- 77- 
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When the point A crit 
is reached, the system tends 
' 
to 
contract spontaneously to the equilibrium point B, and 
also the excess ýtrain energy IV has to be dissipated. 
Therefore, point B does not correspond to a static 
equilibrium state. Practically, this means not only that 
the post-peak slopes greater than that of the machine will 
be missed but also that the rate of strain will be 
uncontrollable if such slopes are encountered. Consequently, 
the shape of*the load-displacement (stress-strain) curve 
of the sample will reflect these effects. 
VI. 2. Stiffnesses of the Compression Testing Machine 
(INSTRON 1195)_a 3.5 kN Capacity Proving Ring 
The load-displacement curve of the INSTRON 1195 
compression testing machine- is shown in Figures V1.2 a 
and b with those of the clay/cement samples produced in 
this work. The load-displacement curve of a 3.5 M high 
tensile steel proving ring is also plotted for comparison. 
The load-displacement curve of INSTRON 1195 was 
determined by carrying out a compression test using 
INSTRON SkN load-cell and a brass sample 25mm, diameter 
and 100mm. long. The deformation 6s of the sample was 
measured and 6m was calculated from Equation 1. Table 
V1.1 shows the average stiffness values for various load 
ranges. The stiffnesses of clay-cement samples were 
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a) 0-S kN range 
Fig. VI. 2. Load-displacement curve of INSTRON 1195 








b) 0-0.2 kN range 
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Table Vl. l. Stiffness of INSTRON 119S compression testing 
machine-. 
Load range, IN Stiffness., kN. mm 
0.02 - M5 13.6 
O. Os - 0.10 14.9 
0.10 - 0.20 15.0 
0.20 - O. SQ 17.8 
0.50 - 1.00 21.7 
1.00 - 2.00 27. 
2.00 - 5.00 34. 
Figure V1.3 illustrates that the comparatively 
brittle behaviour Qf the 4BB 150C 80S would probably 
appear only as a catastrophic collapse if it were tested 
for compression using the 3.5 kN pýoving ring (iii). 
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Fig. V1.3. Load-deformation curves of clay/ccment 
samples. The straight lineý3 correspond to load 
displacement curves of (i) INSTRON 1195 at l. -2. kN 
range, (ii) INSTRON 1195 at 0.1-0.2 kN range, and 
(iii) 3.5 kN proving ring., 
248 
It is also seen that. for the 4BB 150C 20S, a test 
with the proving ring would show all details of the load- 
deformation curve. However, the pre-peak rate of strain 
will be lower the higher the stiffness of the sample. 
The relation between the rate of strain of the sample 
Vs and the speed of the machine can be written as 




where ks and km are the stiffness of the sample and 
the machine respectively. Equation 2 shows that the 
higher the stiffness of the sample the lower the pre-peak 
rate of strain and the higher the post-peak rate where 
ks assumes negative values. Vs =Vm if ks /k M, = 
0. When 
ks /km = -1, theoretically, Vs approaches infinity, ' 
thus resulting in catastrophic collapse. For kS /k M< -12 
the equation gives. 'negative values for Vsp which 
theoretically means that the sample would be expanding. 
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APPENDIX* VII. CALCULATION OF MIX PROPORTIONS 
VII. 1. * 'El'6ffcnta: ry llhý 
The basic mix equations are: 
A+ C"+ W'= A 
At. C"-, W 
T_+6+6 (2) 
acw 
where A, C-and Ware respectively the amounts of clay (by 
dry weight at 110"C), cement and water in kg per m3 of 
slurry, and 6 a' 
6c and 6w are the corresponding densities 
in kg M-3. A is the calculated unit weight of the slurry 
in kg M-3 . Given the clay content (by dry weight of clay) 
a= A7A and the cement content C; the other quantities can 





(I - a)/6 w 
A' aA 
w .1 (l 
If A'and CI are given Wcan be calculated direct from 
Equation 2, and A is found from Equation 1. 
VII. 2. Calculation of the Real Composition and the Air 
Content 
If the experimental unit weight is A r' the real 
quantities of clay, cement and water per m of slurry, 




C, A IN 
rr 
A' (A/C-' )C-' 
rr 
W 11 (W /C 11 ) CJ# rr 
1ýair =1- Ar /A 
4 
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VII. 3. 'of th6 'Coiftridsitionsý 'cif Cl'dy 'Sltitry 
.. and C6rnerit 'Shitry 
If the clay concentration of the clay slurry 
- 
is a and 
that of the cement slurry is c, and A kg of clay slurry 
is mixed with C kg of cement slurry to obtain 1 ml of clay/ 
cement slurry, then 




Given the value of c to obtain a sufficiently fluid 
cement slurry 
a=A /(A - C/c) 
or a= aA/(A - C/c) 
If the amounts of water in clay and cement slurries to make 
1M3 of clay/cement slurry are Wa and WC respectively, 
Wa "ý A (1/a - 1) 
WC=C (1/c - 1) 
The quantities for a given batch volume can be 




VIII. l. BERKBENT, C. E. (Civil Engineering Grade) 
An alkaline-treated Woburn fuller's earth, processed 
to yield a highly gelling material. 
IiEPORTS ON ANALYSES OF SLURRY CONSTITUENTS 
Colour: Pale Olive Brown to red brown 









H20 (-1050C) 14.21 
H20 (+1050c) 5.72 





SPECIFIC GRAVITY: 2.55 
PH (5% suspension): 10.5 
SWELLING VOLUME., mls/2gms: 20 
LIQUID LIMIT: 400-4SO 
CATION EXCHANGE CAPACITY 
meqs/100 gmp: 80-85 
-SURFACE AREA: (Nz adsorption) 74.5 M2/ gM 
BULK DENSITY: 50 lbs/cu. ft. 
PARTICLE SIZE: % retained on mesh 
Dry Powder Wet Dispersion 
+100 B. S. S. (150 microns) 96.5 99.5 
+200 it ( 75 microns) 69.9 98.4 
+300 53 microns) S8.0 97.2 
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VIII. 1 (continued). 
SUB-SIEVE RANGE: % below 20 microns 97.5 
% is 10 microns 93.8 
% if 5 microns 91.6 
% it 2 microns 91.3 
FUSION TBMPERATURB: 1225*C 
USES: Civil Engineering applications (see publication 
S. P. 11) 
Primary coagulant in waste effluent treatment. 
Suspending agent in aqueous media.. 
Hydrotransport of solids. 
Flow aid in high solids aqueous slurries. 
(Steetley Company Limited, 1974) 
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VIII. 2. Ordinary Portland Cement 
ORDINARY TYPICAL CEMENT - BATCH 92 
Chemical Analysis % 
SiO7 19.9 










L. O. I. 1.2 
K20 0.96 
Na20 0.28 
L-. S. F. /L. C. F. 94 
SIA+F 2.2 
A/F 3.1 
Free Lime 0.9 
B. S. 12 Physical Test Results 
Setting Times 
Water % 25.25 
Initial (min) 150 
Final (min 175 
Fineness 
Specific Surface (M2 /kg) 32S 
Specific Gravity 3.11 
Expansion mm. NIL 
Compressive Strength (MN/M2) 
B. S. 12 concrete 3 days 21.1 
7 days 29.9 
28 days 41.0 
92 
(The Associated Portland Cement Manufacturers Limited, 
1975. ) 
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VIII. 3.1. Blast Furnace Slag 
An analysis of the Blast Furnace Slag was carried 
out by the Cement and Concrete Association. The following 
results were obtained: 
Methods: Normal methods for cement analysis (i. e. 








MgO S. 00 
S03 0.10 







Less oxygen equivalent to sulphide - 0.93 
TOTAL 99.92% 
Free CaO 0.12% 
Insoluble residue 0.30% 
Comments: Loss on ignition -a gain of 2% was obtained 
corrections were made for the measured 
oxidation of sulphide,, FeO and MnO to give 
the rep orted value. 
Insoluble residue - this contained no silica 
and is probably predominantly alumina. 
2SS 
VIII. 3.2. Examination of CEMSAVE (The Blastfurnace slag) 
According to Various Standards' (Lea, 1970, 
pp. 463-464) 
A. DIN 1164: 1967 requires that 
CaO + MgO + A1203 
I=-> 
Sio 
For Cemsave used in this work 
I= 42.80 + 5.00 + 14.62 = 1.87 33.41 
Hence I>1 as required. 
B. The Keil index, IK is defined as 
CaO + CaS + ! MgO + A1203 
IK 




For Cemsave IKý 
Hence, Cems, 




dve is of 'good' quality. 
C. Langavant Index of quality, I is defined as Ll 
1 20 + CaO + A1203 + 0.5MgO - 2SiO2 L 
The quality is: 
'inferior' if IL< 12 
'very good' if IL> 16 
For Cemsave ILý 13.1 > 12. 
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